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1.  Program  Summary. 


1.1.  Scope 

The  objective  of  this  program  was  to  investigate  the  feasibility  of  impro- 
vements of  the  technology  of  dc  converters  with  ohmic  isolation  between  the 
input  and  its  voltage  regulated  output  ports.  Emphasis  was  placed  on  the: 

1.  improvement  of  their  power  density,  expressed  in  kW/kg; 
concurrent  with  an  improved  or  unimpaired: 

2.  high  efficiency  of  dc  power  conversion; 

3.  reliability  of  operation  and 

4.  cost  effectivness  in  terms  of  technical  complexity  and  need  for  main- 
tenance by  qualified  personnel. 

Meeting  of  the  first  above  listed  goals  was  successfully  attempted  by  concur- 
rently: 

5.  performing  the  voltage  scaling  and  stabilization  operation  in  one  single 
process  | 1 | , and 

6.  raising  the  internal  frequency  of  operation  of  the  dc  converter  up  to 
50  kHz. 


1 


Reports  on  the  successfull  combined  attainment  of  these  two  requirements 
could  not  be  found  in  the  literature  except  for  substantially  lower  fre- 
quencies of  operation  (10  to  20  kHz)with  the  use  of  thyristors  as  switching 
elements  |2,3,4,5|. 

Feasibility  of  the  use  of  transistors  in  converters  with  series  resonant 
circuits  at  an  internal  frequency  of  20  kHz  was  demonstrated  in  the  first 
phase  of  this  program  when  100  Watts  were  derived  from  a 80-160  VDC  source 
at  93  percent  efficiency  | 6 | . 

A concurrent  program  which  was  conducted  by  this  author  yielded  an  efficien- 
cy of  95  percent  when  1 kW  was  derived  from  a 220  VDC  source  by  a converter 
of  the  same  type  with  an  internal  frequency  of  50  kHz  | 7 | . 

Both  above  cited  cases  involved  single  output  channels  of  200  VDC. 

The  second  phase  of  this  program  which  is  the  subject  of  this  report,  requi- 
red four  individually  controlled  output  channels  with  voltages  of  ± 5 and 
* 15  VDC,  respectivly.  Power  was  derived  from  a 22  - 32  VDC  source,  with  a 
nominal  value  of  28  VDC. 


An  account  of  the  methods  which  were  used  in  the  attempts  to  overcome  the 
limitations  of  the  state  of  the  art  is  given  in  part  2.  The  thereto  per- 
taining systems  analysis  is  contained  in  part  3.  Information  on  design  and 
development  is  presented  in  part  4.  The  system  test  data  are  presented  in 
section  5.1.  and  followed  by  a discussion  in  section  5.2. 

1.2.  Results. 

Feasibility  of  converter  operation  with  an  internal  frequency  of  50  kHz  was 
demonstrated.  The  therefrom  derived  improvement  of  power  density  near  80  W/kg 
in  packaged  form  could  be  indicated.  All  functional  objectives,  concerning 
static  stability  in  the  form  of  closely  controlled  output  voltages  within 
0.1  percent  were  attained.  Short  circuit  capability  of  the  individual  chan- 
nels was  demonstrated  and  proved  not  to  interfere  with  the  accuracy  of  main- 
taining the  required  output  voltages  of  the  other  channels  within  the  pres- 
cribed tolerances.  Attainment  of  the  other  goals,  such  as  insensitivity  to 
source  "noise"  or  audio  susceptibility,  operation  within  the  desired  am- 
bient temperature  range  and  reliability  could  be  indicated.  The  full  power 
efficiency  of  the  system  of  73.35%  could  be  improved  with  the  use  of  power 
Litz  wire  throughout  the  system,  with  emphasis  on  the  wirewound  magnetic 
components;  further  improvement  could  be  attained  with  the  availability  of 
power  components  with  better  suited  terminals. 


— 
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1.3.  Summary  Conclusions. 


The  feasibility  of  ultra  light  weight  dc  power  supplies  with  internal 
frequencies  of  50  kHz  in  an  electrically  rugged  form  appears  demonstrated 
with  completion  of  the  here  presented  work.  Power  densities  of  packaged 
equipment  of  50  W/kg  appear  to  fall  well  within  reach  of  reality,  after 
a component  power  density  of  126  W/kg  has  been  demonstrated  with  the  work, 
presented  in  this  report  and  embodied  in  the  supplied  breadboard.  Further 
work  on  the  parallel  operation  of  independently  controlled  loads  with  the 
use  of  series  resonant  circuits  and  the  development  of  improved  joining 
techniques  could  yield  further  improvements  of  the  here  described  techno- 
logy. Limitations  for  a further  increase  of  the  internal  frequencies  of  dc 


converters  are  not  discernible  at  this  time. 


2.  Purpose 


The  objectives  of  this  program  were  to  answer  the  questions  whether  it  is 

feasible  to: 

1.  Increase  the  internal  frequency  of  dc  converters  to  50  kHz  without  im- 
pairment of  the  efficiencies  which  are  customary  at  lower  frequencies, 
such  as  20  kHz  | 2 , 3 | ; 

2.  Retain  a reasonable  proportion  of  the  advancements  of  the  recently  de- 
veloped technology  of  transistorized  inverter-converters,  employing 
series  resonant  circuits  for  power  transfer  and  control  | 6 , 7 | . 

The  above  cited  requirements  were  compounded  by: 

3.  lowering  of  the  input  voltage  from  a previous  nominal  value  of  - 130 
to  28  VDC; 

A.  requiring  individual  control  of  four  (A)  output  channels; 

5.  lowering  of  the  output  voltage  from  a previous  nominal  value  of  200  VDC 
to  5 and  15  VDC,  respectivly. 

2.1.  Sumnary  Results  of  the  Preceeding  Program  Phase 

The  inherent  limitations  of  the  commonly  used  parallel  inverter-converter 

were  explained  in  sections  2.1.1.  and  2.1.2.  of  the  First  Interim  Report 

(FIR),  prepared  under  this  program  | 6 | . These  limitations  prevent  an 
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efficient  attainment  of  frequencies  beyond  10  kHz,  and  even  then  exclude 
simultaneous  achievement  of  voltage  scaling  and  output  voltage  stabilization 
by  one  single  process  of  pulse  modulation. 

This  limitation  is  rooted  in  the  power  dissipation  which  occurs  in  the  power 
transistor  during  its  phases  of  transition  from  the  nonconducting  to  the 
conducting  state  and  vice  versa.  The  own  difficulties  with  which  the  tran- 
sistor struggles  under  these  conditions  to  regroup  the  space  charges  near 
its  base  junction  within  a very  short  time  interval  is  compounded  by  the 
parasitic  characteristics  of  the  transformer,  the  therewith  associated  con- 
ductors, and  by  the  interacting  semiconductor  devices  of  the  output  recti- 
fier 1 8 1 . 

It  has  been  shown  that  the  therefrom  resulting  dissipation  in  the  power 
transistor  is  due  to:  a fixed  component,  caused  by  the  transistor's  voltage 
drop  during  settled  current  flow  from  its  collector  to  emitter;  and  a fre- 
quency dependent  component  which  is  caused  by  the  number  of  switching  events 
per  second  | 9 ( . 

The  causes  of  the  power  dissipation  in  the  transistor  are  illustrated  in 
the  oscilloscope  curve  traces  shown  in  figures  2.1.(a),(b)  and  (c),  which 
appear  self-explanatory.  The  significant  effects  of  the  above  explained  dis- 
sipation process  in  the  form  of  power  spikes  which  coincide  in  time  with 
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the  leading  and  the  trailing  edge  of  the  transistor's  current  pulse  are 
clearly  discernible  in  figure  2. l.(c)  and  support  the  concerned  statement 
contained  in  the  preceeding  paragraph. 

The  above  named  power  spikes  are  all,  but  completely  removed  in  the  dc 
converter,  employing  series  resonant  circuits  for  power  transfer  |2,3,6,7,9|. 
A simplified  schematic  of  the  one  half  bridge  configuration  of  the  primary 
power  circuit  of  the  transistorized  version  of  this  type  of  converter  is 
shown  in  figure  2.2.  Its  mode  of  operation  and  its  functional  characteris- 
tics are  documented  in  the  preceeding  FIR  and  in  the  literature  | 2 , 7 | . 


Figure  2.2.  Primary  circuit  of  half  bridge  series  converter 
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The  transistors  are  powered  by  individual  proportional  drives.  Their 
junctions  are  thoroughly  cleared  after  each  interval  on  conduction  of  the 
resonant  current.  The  combined  result  of  (1)  the  inherent  mechanism  of 
switch  operation  in  series  resonant  circuits,  (2)  the  avoidance  of  "over- 
drive" by  use  of  proportional  drive  techniques  and  (3)  the  carefull  clearing 
of  the  transistor's  junctions  when  the  "antiparallel"  diode  prevents  a sig- 
nificant collector  to  emitter  voltage  drop,  is  the  attainment  of  an  almost 
ideal  switching  characteristic  of  the  transistors. 


The  effect  of  this  favorable  switching  characteristic  is  clearly  discernible 
in  the  photograph  of  the  oscilloscope  trace  in  figure  2.3.  This  trace  shows 
the  vce  i£  product  across  the  switching  transistor.  The  two  power  spikes  of 
figure  2.1.(c)  have  disappeared;  the  vcg  i£  curve  follows  the  collector  cur- 
rent waveform.  In  summary  it  is  concluded  that  the  switching  losses  in  the 
semiconductor  elements  are  solely  restricted  to  the  conduction  losses. 

The  efficiency  of  the  switching  devices  is,  therefore,  independent  of  the 
frequency  of  the  converter  operation.  To  extend  the  verifications  of  this 
fact  also  to  transistors  in  series  resonant  circuits  was  one  of  the  most 
significant  results  of  the  preceeding  phase. 

Attainment  of  a favorable  over  all  efficiency  of  93  percent  of  the  100  Watt 
series  capacitor  converter  at  a favorable  component  power  density  of  125 
W/kg  supports  the  belief  that  this  type  of  converter  allows  the  construction 
of  light  weight  equipment. 

The  short  circuit  capability  of  this  type  of  converters  was  also  demonstrated 
and  verifies  the  substantial  degree  of  protection  which  this  sytem  provides 
for  the,  otherwise,  proverbially  fragile  power  transistors.  This  short  cir- 
cuit capability  is  combined  with  another  inherent  property  of  this  converter: 

1 

the  low  ratio  of  maximum  vs.  average  stress  in  the  switching  components  which 
is  evidenced  by  (1)  the  dissipation  pattern  shown  in  figure  2.3.  and  by  the 
current  self  limiting  properties  of  the  system  as  a whole  |2,5,6,7|. 
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2.2.  Extension  of  the  Internal  Converter  Frequency. 

One  of  the  significant  objectives  of  this  work  was  to  verify  that  the  con- 
verter frequency  could  be  extended  to  the  50  kHz  range  without  an  inherent 
impairment  of  the  converter's  efficiency.  This  principle  was  proven  on  a 
parallel  effort  in  which  a 1 kW  dc  converter  was  operated  with  an  efficiency 
of  95  percent  at  an  internal  frequency  of  50  kHz  | 7 | . An  input  voltage  of 
220  VDC  was  stepped  down  to  200  VDC  for  this  purpose. 

The  results  of  the  above  referred  to  work  appear  to  verify  the  expectation 
at  the  start  of  this  program,  that  the  losses  in  the  switching  transistors 
are  virtually  independent  of  their  frequency  of  operation  in  resonant  circuits. 
Expectation  of  this  property  was  based  on  the  absence  of  power  peaks  in  the 
dissipation  pattern  of  the  switching  transistors,  as  discussed  with  reference 
to  figure  2.3. 

This  independence  of  switching  losses  from  frequency  is  verified  by  the  results 
of  the  here  presented  work:  the  switching  losses  seem  to  be  well  within 
the  limits  of  theoretical-experimental  analysis;  the  usual  sizable  increase 
of  switching  losses  with  increasing  frequency  is  absent. 

However,  significant  attention  had  to  be  paid  to  Effects  in  wiring  and  in 
connectors.  The  relatively  high  frequency  of  inversion  of  50  kHz,  the  therefrom 
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resulting  filter  frequency  of  100  kHz  and  the  therewith  associated  higher 
harmonics  of  several  hundred  kiloHertz  brings  the  concerned  frequency  com- 
ponents near  and  within  the  range  of  radio  frequencies.  Techniques  applied  in 
radio  engineering  must  be  used  to  prevent  the  well  known  undesirable 
phenomena  in  wiring  and  connectors.  This  includes:  careful  subdivision  of 
paths  of  current  conduction  in  connecting  wires,  the  windings  of  magnet- 
coils,  and  problems  when  joining  with  and  in  the  single  piece  metallic 
connectors,  such  as  at  the  terminals  of  component  parts,  including  semi- 
conductor components. 

The  magnetic  field  patterns  near  ferreous  cores  seemed  to  be  affected  by  the 
higher  frequency;  this  was  indicated  by  an  increasing  discrepancy  between  the 
calculated  and  actually  measured  inductance  in  fabricated  inductors. 

Capacitors  were  another  area  of  concern  which,  however,  did  not  materialize. 

2.3.  Operation  of  Several  Individually  Controlled  Loads. 

The  objectives  of  the  effort,  as  reported  here,  were  to  operate  several 
loads  in  parallel  from  a low  voltage  source  and  to  provide  low  voltage 
outputs  for  equipment  containing  electronic  logic.  These  objectives 
characterize  the  discussed  converter  as  pertaining  into  a different 
category  in  which  relatively  high  currents  are  used  to  process  a moderate 


I 


I 

I 


\ 
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volume  of  power.  The  power  losses  in  any  converter  systems  are  governed 
by  the  processed  current  and  by  the  ratio  of  the  sum  of  the  voltage  drops 
in  the  path  of  the  processed  current  vs.  the  input  or  output  voltage,  as 
appropriately  interpreted  for  that  purpose. 


This  is  illustrated  as  follows:  Let  all  voltage  drops  in  the  switching  ele- 
ments in  the  path  of  power  current  transfer  be  viewed  from  a 5 VDC  output 
channel  and  assume  a power  transformer  step  down  ratio  of  roughly  3.1 . 
Assume  a voltage  drop  of  0.5  in  each  of  the  output  rectifier  Schottky 
barrier  diodes  and  assume  a 1 VDC  drop  for  each  of  the  two  of  each  pair 
of  transistors  in  the  primary  circuit.  If  all  semiconductor  voltage  drops 
are  reflected  into  the  5 VDC  channel  there  their  sum 


Vsem5 


0.5  + 2/3  « 1.16 


(2.1) 


The  maximum  possible  efffciency  nmax  of  the  system  is  limited  to 


n 

max 


“ VoI/(vol 


+ V 

sen5 


) 


5/6.16  = 0.812 


(2.2) 


where 


vqj  = 5 VDC,  the  dc  voltage  of  one  of  the  5 Volt  output  channels. 

That  is,  not  counting  all  other  losses  in  the  magnetics,  the  wiring  and 
the  connectors.  It  was,  fortunately,  possible  to 
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obtain  a reasonable  efficiency  within  the  given  constraints.  The  above 
argument  is  made  to  illustrate  one  of  the  significant  characteristics  of 
the  here  described  task. 

It  was,  above,  tacitly  assumed  that  a full  bridge  converter  configuration 
be  used,  as  indicated  in  figure  2.4.  This  choice  was  made  in  order  to 
accomodate  the  limited  current  carrying  capability  of  fast  switching 
transistors,  such  as  the  TRW  SVT  50-30  for  a peak  collector  current  of 
30A.  The  full  bridge  configuration  of  the  converter  utilizes  all  of  the 
source  voltage  eg,  rather  than  to  be  restricted  to  one  half,  as  is  the 
case  in  the  one  half  bridge  configuration. 

Each  of  the  four  output  channels  required  individual  voltage  control  in 
order  to  meet  the  requirements  of  the  Technical  Guidelines.  This  was, 
originally,  intended  to  be  implemented  with  one  single  output  transformer, 
as  discussed  in  parts  3 and  4 of  this  presentation.  This  approach  was 
eventually  abandoned,  when  faced  with  serious  problems  which  are  rooted 
in  the  physical  limitations  of  components.  Another  approach  was,  eventually, 
implemented  as  explained  in  subsection  3.2.2. 

The  "main"  channel  with  an  output  of  + 15  VDC  had  to  maintain  a static 
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stability  of  * 0,3%.  The  other  "secondary"  channels  were  allowed  to  vary 
2%  from  their  average  nominal  output  voltage.  A classical  problem  of  the 
series  capacitor  inverter-converter  surfaced  when  it  appeared  impractical 
to  continue  with  the  single  transformer  approach  with  parallel  output 
channels.  This  problem  was  solved  as  presented  in  subsection  3.2.2. 

2.4.  System  Control  Requirements.  < 

2.4.1.  The  Protection  System.  ; 

The  primary  new  requirement  for  the  protection  system  appeares  as  the  need 
to  attain  the  completion  of  the  processing  of  signals  which  allows  inception 
of  each  succeeding  half  cycle  for  the  purpose  of  continuation  of  the  conver- 

j 

ter  operation,  within  less  than  2 psec.  This  time  limit  is  imposed  by  the  ■ 

4 

necessity  to  leave  at  least  8psec.  for  the  duration  of  the  transistor  current 
in  order  to  retain  a reasonably  low  current  form  factor  for  the  purpose 
of  attaining  a favorable  over  all  efficiency  ( 2 | . 

A "turn  around  time"  of  2 psec,  as  explained  above,  required  the  Implementa- 
tion of  a number  of  individual  steps  in  the  converter's  logic  mechanism. 

This  is  discussed  with  reference  to  figure  2.5. 

(1 ) A current  zero  crossing  detector  ascertains  the  existence  of  an  approaching 
condition  in  which  the  resonant  current  will  cross  through  its  level  with 
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a given  polarity  of  its  di./dt  and 

(2)  sends  an  inhibiting  signal  to  one  of  the  shown  AND  gates  to  terminate 

(3)  the  drive  for  the  concerned  power  transistors  who's  collector  current 
is  near  of  becoming  zero; 

(4)  the  resulting  signal  flow  is  processed  by  the  transformer  ST.  i 

(5)  The  base  drive  is,  accordingly,  terminated  and 

(6)  the  remaining  charge  is  removed  from  the  transistor's  base  junctions. 

1 

(7)  A signal  is  generated  in  one  of  the  windings  of  the  transformers  JT 

(8)  and  transmitted  to  one  of  the  trigger  terminals  of  the  Bistable 
Multivibrator, 

(9)  which,  in  turn,  changes  state  and  thus 

(JO)  energizes  the  opposite  AND  gate. 

(11)  This  gate  energizes  the  respective  transformer  ST,  which  then 


Current  Crossing 


control  and  protection  system. 


(12)  energizes  the  base  of  its  power  transistor. 

Each  of  the  above  listed  twelve  staps  requires  a certain  tine  interval; 
their  sun  cannot  be  more  than  2 usee.  The  degree  of  difficulty  is  illustrated 
by  the  fact  that  step  (6)  indicating  clearing  of  the  base  junctions  requires 
in  itself  -0.5  sec.,  thus  leaving  -1.5  sec.  for  the  other  eleven  steps.  The 
transfer  of  powerful  signals  in  the  order  of  1 A current  through  transfor- 
mers ST  involves  the  leakage  inductances  of  these  magnetic  devices  which 
cause  appeciable  time  delays.  Thus  most  signal  processing  operations  have 
to  be  completed  within  100  nsec,  or  less,  a demanding  task  for  noise 
insensitive  logic  with  built  in  sizable  precantionary  threshold  levels 
and  burdened  with  power  consumption  limitations. 

In  the  light  of  the  above  explained  requirements  it  was  necessary  to  abandon 
the  former  electronic  protection  systems  design  which  was  developed  for 
thyristor  operation  not  higher  than  2Q  kKz  with  a "turn  around  time"  of  not 
less  that  5 sec.  A substantially  faster  protection  systen  had  to  be  developed; 
its  interaction  with  the  power  system  is  treated  in  subsection  3.2.2. 

2.4.2.  Control  of  Four  Independent  Output  Channels. - 

Control  of  the  four  individual  output  channess  in  accordance  with  the  require- 
ment stated  in  section  2.3.  is  implemented  by  providing  each  individual  channel 
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with  a separate  control  mechanism. 


The  mechanization  of  the  above  stated  principle  and  its  interface  with 
the  power  system  are  treated  in  subsection  3.3.3. 


- 
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3.  System  Analysis. 


3.1.  Analysis  of  the  Full  Bridge  Configuration. 

The  full  bridge  version  of  the  series  capacitor  dc.  converter 
will  be  used  for  this  part  of  the  program.  The  system  behavior 
is  identical  with  that  of  the  half  bridge  configuration  of  the 
same  converter  used  in  the  previous  phase  of  the  program  | 6 | . A 
simplified  schematic  of  the  primary  power  circuit  is  shown  in 
figure  2.4.  The  functional  aspects  of  full  bridge  operation  have 
been  verified.  Each  pair  of  transistors  TR1  - TR4  and  TR2  - 
TR3,  respectively  carries  the  resonant  current  ij.  This  current 
has  an  analogous  characteristic  as  the  one  in  the  half  bridge 
configuration.  This  is  explained  in  the  FIRST  TECHNICAL 
INTERIM  REPORT  of  April  1976,  prepared  under  the  same 
program.  All  other  quantitative  relations  used  throughout  this 
program  apply,  except  for  the  fact  that  now 


q 


v2/e£ 


V 

xa 


(3.1) 


rather  than  2v_/e  used  before.  The  transformer  "sees"  now 
£ s 

the  entire  source  voltage  eg  instead  of  its  former  Thevenin 

equivalent  e ' * e /2. 

s s 
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The  voltage  v (tfc)  of  capacitor  Cj  at  the  end  of  one  half  cycle 
of  the  resonant  current  ij  has  to  be  such  that  it  exceeds 

Vcl(tk}  > es  + v2  (3-2) 

in  order  that  the  capacitor  Cj  be  able  to  drive  a charge  through 

the  antiparallel  diodes  Dll  and  Dl4  and  the  transformer  against 

the  source  e . 

s 

The  largest  net  voltage  v that  could  be  "seen"  by  the  primary 

xfl  max 

winding  Wj  of  transformer  XF  is 

v ■ e . - 2v  ("* 

xa  max  s min  ce  max  ' * ' 


where 


Vce  max  * the  avera«e  voltage  drop  over  the  individual 
transistors  during  conduction  of  the  maximum 
average  current . 

For  the  required  minimum  source  voltage  e . ■ 22  V and  an 

s min 

expected  average  transistor  voltage  drop  of  I V is 
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xa  max 


20  V 


(3.4) 


However,  the  actual  transformer  voltage  amplitude  v^  must  be 


smaller  than  v 


in  order  that  the  circuit  remain  in  a 


xa  max 

state  of  oscillation.  This  smaller  voltage  v^a  ■ V£  is  established 
by  calculation  of  the  parameter  q defined  in  relation  (3.1). 


The  initial  voltage  vL(tfc)  over  the  series  inductor  is  given 
by 

W = es  " ' V2/n  <3*5> 


where 


n = efficiency  of  the  converter  | 2 1 . 

For  the  formulation  of  (3.5)  it  is  assumed  that  all  of  the  charge 
emanating  from  the  source  of  energy  with  voltage  eg  passes 
through  the  primary  winding  Wj  of  the  power  transformer;  thus 
all  leakage  currents  through  transistors  TR  i and  Diodes  Dli 
(i  * 1,  2,  3,  4)  are  neglected.  It  is  then  assumed  that  all 
power  losses  caused  by  the  inefficiency  of  the  system  manifest 
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themselves  in  form  of  an  apparent  increase  of  the  voltage  v2 
of  the  load,  as  reflected  into  the  primary  circuit  of  the 
converter  system.  A voltage  drop 


* I avRs  * v2°  " n)/n  (3.6) 

reduces  the  average  value  v^av  of  v^  during  each  cycle,  if 
all  power  losses  in  the  system  are  thought  of  as  being  caused 
by  an  apparent  series  resistance  Rg.  The  therefrom  resulting 
voltage  drop  reduces  the  "net  driving  voltage"  ^(t^)  of  the 
series  resonant  circuit  and  is  therefore  incorporated  in  the 
term  v2/n  in  (3.5).  Voltage 

t 

vc2  “ Vc2(tk>  + r2  $ (i  ‘ ilav)dt  <3*7> 


where 


C2  • the  output  filter  capacitor  as  reflected  into  the 

primary  converter  circuit;  vc2  is  the  voltage  of  C2* 
Figure  3.1  illustrates  the  discussed  significant  waveforms  |2,6|. 


- 24  - 


From  (3.7)  follows  that 


Vc2(tk  * V ■ \2<tk>  * W20."0!  * C2>  - ‘,«vVC2  (3-8) 


vc2<ek  ♦ !>  ’ vc2(tk  * V - W1,*  ‘ V/C2  »-9> 


Summation  of  (3.8)  and  (3.9)  yields 


Vk(tk>  ’ ■ *,  - vc|<tk>  - V" 


(3.10) 


The  total  change  of  voltage  over  capacitor  Cj  during  the  time 


interval  T , is 
ok 


2vcl(tk>  - Wok/C! 


(3.11) 


Introduction  of  (3.11)  into  (3.10)  and  use  of  (3.1)  yields 


q - n(I  - (vcI(tk)/es)(Cj/C2)} 


(3.12) 
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Capacitor  C2  is  calculated  in  the  following  manner.  First,  the 
difference 


r 

PP 


t 


V 


c2  max 


v 


c2  min 


(3.13) 


is  defined  and  derived  from  relation  (3.7).  Then  the  peak  to  peak 
ripple  rpp'  is  normalized  with  respect  to  the  average  voltage 
V2  of  capacitor  C2  so  that 


r /V 
PP  o 


r ’/v, 
PP  2 


0.211 


1 1 avTok/C2V2 


(3.14) 


where 


r 

PP 


the  peak  to  peak  ripple  superimposed  on  the  output 
voltage  Vq. 


Relation  (3.14)  holds  for  the  immediate  succession  of  half  sinus- 
oids of  current.  The  term  0.211  must  be  removed  in  the  limiting 

case  when  i,  /i,  -*-0. 

lav  lav  max 


For 
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Cj /C2  - (0)10 


-2 


(3.15) 


where 


(0)  - "the  order  of". 


is  according  to  (3.12)  and  the  literature  | 2 | , 


% 

q < n 


(3.1k) 


The  peak  to  peak  voltage  of  capacitor  Cj  is  according  to  (3.2) 
governed  by 


v . (t.  ) . > 2e  . - 44  V. 

cl  k mm  s min 


(3.17) 


For 


i.  - ii, 

lav  lav  max 


(3.18) 


when  ti,  - il/  -it.  follows  for  constant  e - e . ( 2|  that 

r r max  s s min 


vcl  (tk)max  “ K3  Vcl  ^tk)min  for  llav  “ Ulav  max  (3*,9) 
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Voltage 


■W  ' ""  - qCpp'/v2)/2<0-2">> 


<3.20 


and  thus 


Vax  1 ♦ n(r  '/v,)/(2)  (0  211) 

PP  * 


(3.22) 


The  term  0.211  increases  to  I for  i,  <<  i as  explained 

lav  av  max  r 

under  (3.14)  so  that 


v .(t. ) = (1.3) (44)  = 57  V (3.20) 

cl  k max 


for  e = e = 32  V.  Let  then  v . (t,  ) . > 44  V as 

s smax  cl  k min 

given  by  (3.17)  to  secure  satisfactory  operation  of  the  resonant 

circuit  throughout  its  intended  range  of  functioning.  The  range 

for  i,  < ii , involves  a discontinuous  state  of  current 

lav  2 lav  max 

ij  and  does,  therefore,  not  require  further  investigation  because 
discontinuity  of  i ^ does  not  alter  the  waveform  of  the  current  appre- 
ciably during  its  resonating  phases . 


Use  of  (3.11)  and  (3.14)  in  (3.12)  yields  for  e„  = e 

s s min 
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(3.23) 


0jl8 

Vix  “ I + (0.8)(0.005) 


0.8 


Following  (3.1).  the  transformer  voltage  amplitude 


v2  = (0.8) (22)  = 17.6  V 


(3.24) 


A voltage 


v2  = 17V 


(3.25) 


is  arbitrarily  chosen  to  allow  a margin  of  1 .5  V between  the 
transformer  voltage  and  the  "net"  source  voltage 


e 

s 


i 


e 

s 


- 2v 


ce 


18.5 


(3.26) 


where 


V ■ <Wvd 


(3.27) 


and 
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vD  = the  voltage  drop  O 0.5  V)  over  the  ichottky  barrier 
diodes  in  the  secondary  power  circuit ; 

N.  = the  number  of  turns  on  the  respective  windings  W.  of  the  power 
transformer  XF . 


The  maximum  average  current  in  the  primary  circuit 


*Tav  max  “ 190/17  = n-2  A (3.28) 

The  rms  current  | 2| 

Srms  ’ Vlav  = (l’3)(n-2>  “ Aras  (3.29) 

Relations  O.ll),  (3.20)  and  (3.28)  are  used  to  calculate 

C,  = (1 1 .2) ( 10-5)/ 1 14  = I pF  (3.30) 


where 


f i “ (>/2Tok).  the  frequency  of  inversion  of  50  kHz 


Capacitor  C2  is  found  from  (3.14): 


P 
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C2  = (I1.2)(I0~;/(17)  (0.005)  = 1.32 


(3.31) 


The  effective  series  capacitance 


C = 1 pF 


(3.32) 


The  series  inductance 


L1  = (T  /n)2/C  - (8  10_6/it)2/10-6  s 6.5 


(3.33) 


where 


To  " * 8 10  , the  half  cycle  duration  of  the 


series  resonant  circuit. 


The  steady  state  maximum  peak  current  |2 | 


X1  peak  ss  = '*6  ^av  max  " 18  A 


(3.34) 
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' 


transformer  windings,  with  halves  W2]  and  V^.  The  ♦ 15  V output 
channels  are  fed  from  another  of  the  center  tapped  transformer 


windings,  with  halves  W„,  and  W0, . 

2 J 24 


It  is  intended  to  use  Schottky  barrier  diodes  for  the  5 V output 
channels  with  a nominal  forward  voltage  drop 


VD2ij  " °’5  V 


(3.35) 


i.j  - 1,2. 

The  resistance  in  the  transformer  windings  as  a whole  as 
reflected  into  the  primary  circuit  is  planned 


R “ i 10~2P  /i  2 
x o 1 rms 


(3.36) 


It  is,  arbitrarily,  assumed  that  the  power  losses  are  evenly 
divided  between  the  magnetic  and  the  electric  circuit  of  the 


transformer  XF.  Thus 


Rx  " 10_2,90/2  213  - 4.46  I0~3  Ohm 


(3.37) 
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The  cumulative  full  load  current  i in  the  windings  W.  and 

I 1 1 ill o ^ [ 

W22  is  given  by 

i2|2rms  = 14.6(100/190X17/5)  - 26.1  A (3.38) 


with 


2 1 rms 


22 


rms 


13.05  A 


(3.39) 


for  each  of  the  windings  W2]  .and  W^.  The  full  load  power  loss 

in  each  of  the  windings  is  for  a transformer  efficiency  n -0.44, 

XF 

given  by 

P2)  « JO .01 J 1 90 J 100/ 1 90  = 0.122  W (3.40) 


The  resistance  in  each  of  these  windings  is  then  given  by 

Rx21  = Rx22  = 0-122/169  = 0.72  10"3  Ohm  (3.*1) 


The  cumulative  full  load  current  i234rms  w*nd*n8s  W3  and  Wt 
is  given  by 


^rms  = >4.6(90/190)  (17/15)  - 7.8  A (3.42) 
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with 

i23ms  * ‘a*™.  ' 3'9  A <3-43> 

for  each  of  the  windings  and  The  full  load  power  loss 

**23  eac^  these  windings  is  given  by 

1*23  “ JO. 01 1 1 90i  1 00/ 1 90  » 0.110  W (3.44) 

The  resistance  in  each  of  these  windings  is  given  by 

Rx23  “ Rx24  “ °-n°/15-2  - 7.2  10~3  Ohm  (3.45)_ 

The  +15  V output  channel  will  be  feedback  controlled  to  ascertain 
a deviation  of  no  more  than  0.5  Z from  its  nominal  value,  as 
required.  Discrepancy  of  the  voltage  between  the  four  individual 
channels  will  occur  if  any  pair  of  these  is  unequally  loaded.  If 
the  "lead"  channel  for  the  +15  V output  is  fully  loaded  and  its 
counterpart,  the  -15  V channel  is  only  to  10  Z loaded  then  the 
voltage  differential 

Av234  * (0.9) (3) (7. 2 10_3)  * 19.5  mV  (3.46) 
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or 


1°  Av234/v34 


(19.5  1 0-3/ 1 5) 1 02 


0.13  X 


(3.47) 


The  maximum  deviation  of  0.13  X between  the  two  15  V output 
channels  appears  tolerable  and  leaves 

(2  - 0.5  - 0.13)  =*  1 .37  X (3.48) 

tolerance  for  tracking  of  the  rectifier  diodes  in  these 
channels  and  of  other  causes  of  deviation  of  channel  voltages. 

Another  case  arises,  when  the  +15  V "lead"  channel  is  fully 
loaded  and  any  of  the  5 V channel  is  only  to  10  X loaded.  The 
voltage  differential 


Avj3  * (0.9) (10) (0.72  10“3)  - 6.48  10~3  V 


(3.49) 


or 


'°2av13/v12 


(6.48 


10-3/5)102 


0.129  X 


(3.50) 


- 37  - 


This  maximum  deviation  appears,  again,  tolerable  and  leaves, 
approximately,  1.37  X tolerance  for  tracking  of  the  rectifier 
diodes  and  other  causes  of  deviation  of  channel  voltages  from 
each  other.  The  same  holds,  of  course,  true  in  the  converse 
case  if  the  +15  V channels  were  only  lightly  and  any  of  the 
other  channels  were  fully  loaded. 

The  margin  of  approximately  +_  1 X of  5 V,  that  is  +_  50  mV 
should  fall  within  the  variation  of  voltage  drop  in  the 
Schottky  barrier  diodes  which  will  be  selected  for  that 
purpose. 


3.2.2.  Limitations  of  the  Single  Transformer  Approach. 

Application  of  the  above  described  systems  concept  for  the  independent 
control  of  four  power  output  channels  caused  implementary  problems 
which  led  to  the  application  of  an  alternative  approach. 

Part  of  the  report  on  the  experimental  aspects  of  this  work,  found  in 
section  5,  is  preemted  in  order  to  present  the  reasons  for  following  an 
alternative  approach. 
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The  problem  originated  in  the  fact  that  the  needed,  relatively  large  out- 
put filter  capacitors  C . could  not  accomodate  the  therewith  associated 

01 

100  kHz  ripple  of  the  currents  i ^ (i»l,  2,  3,  A).  Relativly  large 
capacitances  in  the  order  of  millifarads  appeared  necessary  to  keep  the 
effects  of  the  sizable  ripple  currents  within  the  prescribed 
output  voltage  ripple  limitations.  The  need  for  millifarad  size  output 
filter  capacitors  emerges  with  equation  (3.31)  which  identifies  the 
reflected  cumulative  output  filter  capacitance  C 2 = 1.32  mF  at  the  17  VDC 
level . 

Non-electrolytic  capacitors  of  mF  size  are  too  bulky  for  use  in  a system 
for  which  weight  is  at  a high  premium.  Yet  the  higher  quality  Tantalum 
electrolytic  capacitors  of  the  General  Electric  KSR  series  proved  not 
suited  for  the  100  kHz  application  at  hand. 

Operations  of  a number  of  parallel  power  output  channels  within  a 
series  capacitor  converter  via  one  single  transformer  is  predicated  on 
the  availability  of  high  quality  filter  capacitors  with  an  almost  negli- 
gible ripple  voltage  |10|.  This  condition  could  not  be  satisfied,  as 
explained  above.  The  ensuing  problem  is  described  with  reference  to 
figure  3.3. 
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Parts  of  the  circuits  of  two,  otherwise  identical,  output  channels 
with  opposite  polarity  are  shown  in  figure  3.3.  Each  channel  indicates 
only  a one  half  wave  rectification  process  for  purpose  of  simplicity 
of  presentation. 


It  is  tacitly  assumed  that  a full  wave  rectification  process  is  imple- 
mented in  each  of  the  two  channels  through  the  addition  of  diodes,  not 
shown  in  this  figure.  It  is  also  assumed  at  this  time  that  the  filter 

inductances  L . = 0 ( i= 1,2).  Capacitors  C ,,  and  C then  combine  to 
oi  oil  ol2 

one  single  capacitor  ; capacitor  is  thought  of  analogously. 


If  R „ = 10  R then  channel  No  1 is  loaded  ten  times  as  heavily 

LZ  Li  1 

f 

as  channel  No.  2,  a ripple  vrpp0j  °f  the  output  voltage  vq^  will  ensue 
which  is  considerably  larger  than  that  of  the  output  v^,  such  that 


v . = 10  v - . 
rppo 1 rppo2 


(3.51) 


It  follows  that  the  respective  rectifier  diodes  establish  conduction 
at  different  output  voltage  levels  because  of  the  difference  in  the 
magnitude  of  the  ripple  voltage  at  that  moment.  This  difference  is 
compounded  by  the  existence  of  the  leakage  inductances  4 o^. 
Different  amounts  of  energy  would  be  stored  in  these  leakage  induc- 
tances even  if  Oj^  = not  to  speak  of  under  the  given  conditions. 
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It  follows  that  each  of  the  output  filter  capacitors  "sees" 
another  average  voltage  being  impressed  by  its  associated  transfor- 
mer winding.  Furthermore,  even  if  the  peak  voltages 


V * V 

o 1 peak  62  peak 


(3.52) 


it  would  necessarily  follow  that 


V ^ V 

ol  av  o2  av 


(3.53) 


The  above  explained  process  which  leads  to  the  discrepancy  (3.53) 
would  not  occur,  if 


°13  " °14  " 0 


(3.54) 


and  if 


Col  ■ Co2  ’ 


(3.55) 


It  was  explained  in  the  introduction  to  this  subsection  that  the 
shortcomings  of  electrolytic  capacitors  could  not  satisfy  (3.55),  or 
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represent  any  sizable  value  at  a capacitor  current  frequency  of  100 
kllz.  It  was,  furthermore,  explained  that  "paper"  capacitors  of 
values  in  the  order  of  millifarads  are  too  bulky  in  size  to  use.  A 
change  of  approach  was,  therefore,  taken. 

3.2.3.  The  Revised  Approach. 

The  transformer  XF  indicated  in  figure  3.2.  is  broken  up  into  four 
individual  transformers  XFi  whose  primary  windings  Uil  (i=l  , 2,  3,  4) 
are  connected  in  series  and  placed  within  the  series  resonant  circuits, 
governed  by  the  transistors  TRi,  as  shown  in  figure  3.4.  The  primary 
windings  Uil  will  carry  the  common  resonant  current  ij.  Each  transformer 
provides  the  power  for  one  output  channel  and  each  of  these  channels  is 
individually  controlled.  One  of  the  output  channels  in  which  the  des- 
cribed process  is  implemented  is  indicated  in  figure  3.5. 

The  primary  winding  W1 1 drives  via  the  respective  magnetic  coupling  the 
secondary  windings  U12  and  U13  which  in  turn  feed  a conventional  rectifier- 
- irfilter  - load  system.  A fourth  winding  W14  encloses  the  common  magnetic 
flux  of  the  three  other  windinds.  This  winding  is  placed  within  a full 
wave  rectifier  bridge,  whose  dc  output  voltage  is  governed  by  a transistor 
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The  primary  windings  Vi  I "see"  a 50  kHz  square  wave  voltage  v . with 

xai 

a cumulative  amplitude  v^ , as  explained  in  subsection  3.1  of  this  report 
and  in  the  concerned  literature  |2,6|.  The  sum  of  the  voltages 


v 

xai 


v 

xa 


(3.56) 


Each  of  the  average  voltages 

v . = v . /a.d.  , j 

xai  av  oi'  i i (3.57)  \ 

! 

where 


a£  = the  step  up  ratio  of  the  windings  Wi2/Wil  of  the  transformer  XFi; 


d£  = Tik^Tiok’  be^n2  tl:ie  duty  cycle  of  power  transmission  in  the  ith 
output  channel . 


The  product  a^d^  is  so  chosen  that  it  has  a nominal  value 


a.d.  - v . /v 
l l nom  oi  nom  xai  nom 


which  is  indicated  by  the  suffix  nom  to  the  respective  subscripts.  The 


- 46  - 


is  so  chosen  that 


nominal  duty  cycle  <1. 

1 non 


d.  - d.  5 Ad.  . 

1 max  l nora  l min 


(3.59) 


where 


Ad^  = the  minimum  variation  of  d^  from  its  nominal  value 

which  will  guarantee  that  Av  . < v . - v . , 

oi  oi  max  oi  nom 

as  specified  in  the  Technical  Guide  Lines. 

In  lieu  of  a rigorous  quantitative  treatment  of  the  explanation 
following  relation  (3.59),  it  is  said  here  that  a 


d. 

l max 


0,95 


iok 


(3.60) 


does,  obviously,  satisfy  the  intent  of  equations  (3.56)  and  (3.57) 

in  order  to  maintain  the  intended  nominal  output  voltages  v . 

B oi  av 

within  the  prescribed  tolerances.  That  is,  if  the  transistors  Q . 

oi 

are  being  appropriately  controlled  by  their  respective  base  signals 
vobi ' 


The  signals  v are  being  generated  by  a common  control  system  that 
will  be  described  shortly.  The  base  signal  v0^j  shown  in  figure  3.5 
causes  a short  circuited  transformer  XF1,  whenever  transistor  0 . 
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) 

„ is  energized  during  the  shown  time  interval  T^.  The  output  voltage 

► v*j  of  the  sane  transformer  is  then  reduced  to  near  zero,  as  implied 

in  the  same  figure. 

The  base  signals  v ^ thus  control  the  volt-seconds  that  will  be  "seen" 
by  any  of  the  individual  it  filters  will  input  capacitors  C .j.  These 
base  signals,  when  appropriately  generated,  thus  provide  individual 
and  independent  control  for  each  of  the  output  channels. 

It  is  recalled  at  this  point,  that  the  resonant  current  ij  emanates 
from  a controlled  current  source.  Even  if  all  transformers  XFi  were  to 

be  short  circuited  concurrently  by  their  resprective  transistors  Qq^» 

u 

no  harm  would  come  to  transistors  TRi  since  the  currents  which  are 
carried  by  each  of  these  transistors  and  their  collector  to  emitter 
voltages  would  not  exceed  a preset  limit  under  any  confluence  of  adverse 
conditions  of  operation  | 2 | . 


' 
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Figure  3.6. 


Individual  voltage  control  system  for  the  first  output  channel. 

The  above  referred  to  control  system  which  generates  the  voltages  v 
for  the  output  channels  is  indicated  for  channel  I in  figure  3.6.  A 
common  comparator  establishes  the  voltage  difference 


e ■ e 


(3.61) 


rl  " vol 

between  the  reference  voltage  er]  for  the  first  output  channel  and  its 
output  voltage  VQj.  The  amplified  difference  Ae  is  then  transformed 
in  a 0-1  signal  by  an  "analog  signal  to  discrete  interval  (A/DI)" 
converter,  so  that 

WMk)-di<k)-Tik/Tiok  o-“> 


where 


^A/DI  = 3 constant  proportionality; 

d.(k)  = the  duty  cycle  for  the  kth  pulse  in  the  sequence  of  an 
infinite  number  of  pulses. 

Each  of  the  four  output  channels  has  its  own  control  system  which  is  a 
duplicate  of  the  one  shown  in  figure  3.6;  they  control  the  thereto 
pertaining  output  channels  which  are  duplicates  of  the  one  shown  in 
figure  3.5. 


50 


3.2.4.  Revised  Output  Filter  Requirements. 


One  of  the  significant  reasons  to  revise  the  approach  concerning  the 
output  channels  was  the  bulkyness  of  "paper"  capacitors  of  a sufficient 
size  to  minimize  the  output  voltage  ripples  for  purpose  of  : (1)  dis- 
tribution of  equally  prorated  and  time  invariant  voltages  to  the  output 
channels  and  (2)  containment  of  the  output  voltage  ripple  within  prescribed 
limits . 

The  it  type  filters  in  the  output  channels  were  chosen  in  conjunction  with 
the  described  individual  control  mechanisms  in  order  to  accomodate  the 
conditions,  as  described  in  the  proceeding  paragraph. 

It  would  now  suffice  if  the  voltage  waveforms  v*^  that  were  to  appear  at 
the  input  capacitors  C . j of  the  n type  filters  were  to  satisfy  the 
requirement  that 


or  nom 


(]-Ai)  ♦ ioiRL2.  < v 


< v . 
ox  av  oi  nom 


(1+Ai)  ♦ iQiRL2i  0.63) 


where 


A.  = (v  . -v.  )/v. 

i oi  max  oi  nom  oi  nom 


i . = the  dc  current  in  the  ith  load 
oi 
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* the  resistance  of  the  inductor  in  the  concerned  filter. 

v . * the  average  nominal  voltage  of  the  ith  output  channel. 

01  nom 


The  voltage  ripples  of  the  voltage  vq^  are  then  mitigated  by  appropriate 
choice  of  the  remaining  part  of  the  individual  filters.  One  of  the  voltage 
waveforms  v . is  illustrated  in  figure  3.5,  to  wich  general  reference  is 
made  for  the  following  discussion. 

It  is  desirable  to  keep  the  current  form  factors 


P,.  • = iT  • —-/i..  (j=  1 .2,3,4) 

ij  Loj  rms  oj 


(3.64) 


as  near  to  unity,  as  practically  possible  in  order  to  limit  the  copper 
losses  in  the  inductors  LQj . For  that  purpose  it  is  first  assumed  that 


v . > 0 
oi 


(3.65) 


at  any  time.  The  voltages  vq^  of  capacitors  Cq^j  were  defined  with  refe- 
rence to  figure  3.5. 

In  order  that  (3.65)  be  satisfied  it  is  necessary  that 


i C dt  * 


(3.66) 


where 


...  •• 


vc2  = the  voltage  on  the  fictitious  capacitors  C2  defined  with 
reference  to  equation  (3.7),  but  now  with  a quantitative 
meaning  as  required  by  the  newly  introduced  conditions 
(3.65)  and  (3.66)  ; 

Vc2pp  = t^e  pea^  to  Pea^  value  of 


The  value  of  C2  then  results  from  the  condition  that 


i,  T . = C.v  . = C«v  « 

I av  ok  1 clpp  2 c2pp 


(3.67) 


since  then  two  capacities  C(  and  C ^ carry  the  same  resonant  current  ij 
It  follows  that  if 


C2  = C.vclpP  /vc2PP  " C1vclPP/2v2av 


(3.68) 


then 


, -6 


C2  > 10  88/34  = 2.6  pF- 


(3.69) 


This  capacitor  C2  is  now  the  cumulative  equivalent  of  all  four  secondary 
filter  input  capacitors  c0£j»  as  reflected  into  the  primary  circuit»The  in- 
equality (3.69)  can  be  easily  satisfied  with  the  use  of  currently  available 
non-electrolytic  capacitors. 


The  input  terminals  of  the  it  filters  "see"  the  rectified  quasi— sinewave 
current  |ij|.  For  purpose  of  simplicity  it  is  assumed  here  that  | i^ f is, 
indeed,  a rectified  sine  wave  current. 
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Examination  of  the  well  known  Fourrier  series 

i = (4Ia/u){(l/3)  cos  2a>p,t  - (1/15)  cos  4u)pt  + .....}  (3.70) 

of  a rectified  sine  wave  in  the  light  of  the  transfer  function  of  a 
tt  filter  results  in  the  well  founded  argument,  that  it  is  sufficient 
to  consider  the  first  harmonic  component;  an  adequate  approximation 
for  the  purpose  of  filter  design  will  result  from  this  approximation. 

In  equation  (3.68)  is 

ir  = the  ac  content  of  | i ^ | ^ 

I - the  amplitude  of  the  resonant  current  i, . 
a li 

Up  - n/T^,  t*'e  radial  frequency  which  is  impressed  on  the 

resonant  circuits. 

Reference  is  made  to  figure  3.5  in  support  of  the  following  discussion: 
The  transfer  function  which  relates  the  output  voltage  ripple  v ^ of 
the  ith  channel  to  the  input  current  ripple  if^  to  the  ir  filter  of  the 
same  channel  is  given  by 


where 


i . . = the  first  harmonic  component  of  i . 
nl  r ri 


v . , = the  first  harmonic  component  of  v . . 
nl  r ri 


It  is  anticipated  that  : 


R,  . C . . 2u>_  » 1 
Li  oil  F 

R, .C  .,2u  1 

Li  oi2  F >> 

L .C  . ,4u>  2>''  1 
o l o 1 1 F 


and 


L .C  . . 4w.,  R .C  . , 2w_ 
oi  oil  t oi  oil  F 


(3.72) 


The  attenuation  a^j  of  the  first  harmonic  component  of  the  series  (3.70), 
is  then  approximated  by  : 


FI 


‘’ril^i/'  ^ *21'  avi 

v . /V  . ' 

nl  oi 


'(2ViCoi2"F>(4LoiCoil“F2)  Voi/li2il„  (3.73) 


F.ach  of  the  harmonics  was  normalized  with  respect  to  the  average  values 
of  v ^ and  resPecti-vely 


a_,  ~ 8R  .C  ..C  .,L  .(*)_  V . / 1 i „ | 
FI  Li  oil  oi2  oi  F oi  1 21' 


av 


(3.74) 


Examination  of  (3.70)  and  (3.74)  indicates  that 
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o 

cL,„  = 64IL.C  .,C  . »L  .u>„  V . /?i_ . | (3 

F2  Li  oil  oi2  01  F 01  1 2i'av 

for  the  second  harmonic  component  that  would  amount  to  only  1/5  of  the 

magnitude  of  the  first.  In  short  the  second  harmonic  component  would 

have  at  the  filter's  output  terminals  only  1/(8)  (5)  = 1/40  of  the 

magnitude  of  the  first.  The  contribution  of  the  second  harmonic  to  the 

over  all  output  voltage  ripple  is  then  approximated  by 


v . 
ri 


vr.{« 


2 i 

( 1 / 40)  } 5 


“ vr)(1.012). 


(3.76) 


The  error  caused  by  omission  of  the  higher  harmonic  components  of  (3.70) 
is  of  the  order  of  one  percent,  and  is  well  within  the  tolerances  of  the 
concerned  filter  components. 


Relations  (3.68)  and  (3.74)  provide  sufficient  information  for  the  design 
of  the  individual  output  filters  in  order  to  meet  the  requirements  of  the 
above  referred  to  Technical  Guidelines. 


The  concerned  capacitors  for  the  + 15  V and  + 5 V channels  will  divide 
according  to  the  respectively  processed  power. 

Thus 
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(3.77) 


c2_ i 2 = C2  100/190  » 0,5  C2 

and 

C2-34  = C2  90/190  = °*5  C2  (3.78) 

where 

^2-12  = t*iat  Part  °f  °2  is  reflected  by  the  5V  channels  with 

a nominal  power  of  2 x 5 x 10  Watts; 

C2_24  = is  the  analogous  part  for  the  15  V channels.  j 

. 

A simple  active  damping  circuit  is  used  to  limit  overshoots  of  the  output 
voltages  vq^  during  the  turn-on  phase  and  during  related  dynamic  condi- 
tions.The  output  terminal  is  then  temporarily  clamped  to  ground  via  an 
oversize  load  resistor  Rz.  This  clamping  function  is  implemented  by  a 

1 

transistor  Qz,  whose  base  in  turn  is  energized  from  the  output  termi- 
nal via  a Zemer  diode  Dz>  The  diode  D has  the  appropriate  Zemer  vol- 
tage , so  that  Q would  not  be  energized  when  v . < v . (1+A), 

but  when  this  voltage  is  exeeded  by  a margin  of,  approximataly , 5 percent. 
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3.3.  Identification  of  Critical  Aspects 
3.3.1  Functional  Requirements 

Operation  of  the  converter  in  its  full  bridge  configuration  requires 
ascertainment  that  both  transistors  which  conduct  the  resonant  current 
simultanously  be  "turned  off"  before  turning  on  the  companion  pair  of 
transistors . 

The  "turn  off"  process  is  implemented  by  clearing  of  the  transistor 
junctions  whereby  the  charge  which  remains  in  the  junction  after  termi- 
nation of  the  resonant  current  is  removed.  A negative,  low  impedance 
base  signal  is  applied  for  that  purpose.  Currents  up  to  1 A appear  for 
short  time  intervals,  depending  on  the  characteristics  of  the  power  tran- 
sistors. Removal  of  a charge  of  approximately  0.5  pC  within  0.5  usee, 
is  not  uncommon  and  may  yet  increase  at  higher  temperatures. 

Signals,  which  comfirm  that  the  junctions  of  the  transistors  which  have 
been  carrying  current  are  cleared,  are  used  to  open  the  gates  which 
otherwise  prevent  the  "firing"  of  the  companion  transistor  pair.  The 
just  named  signals  now  replace  the  formerly  used  signals  which  announce 
the  state  of  back  bias  of  the  power  thyristors.  It  was  found  that  this 
state  of  back  bias  does  not  "guarantee"  that  a transitor  has  been  turned 
off,  since  it  can  be  conducting  in  the  reverse  direction,  unlike  the 
thyristor  for  which  the  turn  off  condition  is  assumed  after  a given  number 
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of  microseconds  following  its  back  bias  condition. 


Completion  of  the  process  of  extraction  of  charge  from  the  formerly 
conducting  transistor  is  presumed  when  its  base  voltage  falls  from 
the  minimum  forward  voltage  drop  during  conduction  of  approximately 
600  mV  to  a negative  value  which  is  then  limited  for  purpose  of  pro- 
tection of  the  base-emitter  junction. 

Small  size  high  frequency  (MHz)  pulse  transformers  were  used  for  that 
purpose.  The  received  signal  is  then  used  to  change  the  state  of  one 
bistable  circuit  which  in  turn  governs  the  access  to  the  firing 
circuits  of  the  two  transistor  pairs,  blocking  one  part  and  leaving 
the  other  open. 

3.3.2  Streamlining  of  the  Protection  System  for  50  kHz  Operation 

The  eletronic  system  which  prevents  simultanous  firing  of  transis- 
tors which  do  not  belong  to  the  same  pair,  used  in  the  previous  phase 
of  the  program  was  a converted  thyristor  protection  system.  It  is 
based  on  the  philosophy  that  a thyristor  should  not  be  fired  unless 
its  companion  has  (1)  ceased  to  conduct  and  (2)  enough  time  has 
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passed  to  presume  that  its  junction  is  cleared.  As  explained 
above,  it  is  possible  to  establish  clearance  of  a transistor 
junction  by  observing  the  base  to  emitter  voltage  v^e  and  deri- 
ving an  appropriate  signal  therefrom.  No  further  delay  is  needed, 
and  the  companion  transistor  can  be  fired  immediately  thereafter. 

The  just  explained  difference  in  the  characteristics  of  transistors 
and  thyristors  allows  application  of  a different  protection  phi- 
losophy, which  greatly  simplifies  the  concerned  electronics. 

One  single  bistable  circuit  is  now  used  which  is  triggered  in  succes- 
sion by  the  signals  which  emanate  from  the  change  of  polarity  of 
the  base-emitter  junction  in  the  negative  direction.  The  signal 
which  initiates  the  junction  clearing  must  preceed  the  junction 
clearing  signal;  it  is  derived  from  the  change  of  polarity  of  the 
resonant  current  at  the  end  of  the  resonant  half  cycle.  This  signal 
is  used  to  terminate  the  proportional  base  drive  of  the  power 
transistor  and  to  initiate  simultanously  the  junction  clearing  process; 
no  change  of  state  of  the  bistable  circuit  is  caused  by  the  just 
described  base  drive  termination  and  junction  clearing  process. 

ij 

I 
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The  new  process  of  protection  and  control,  described  in  subsection 
3.2.3,  can  be  briefly  summarized  as  follows: 

a.  termination  of  one  half  resonant  current  cycle  is  detected  and  a 
signal  to  that  effect  generated; 

b.  the  signal  identified  under  a.  terminates  the  current  pulse  through 
the  respective  transistor  by  (1)  removing  the  base  drive  and  (2)  en- 
gaging the  junction  clearing  mechanism; 

c.  completed  clearence  of  the  power  transistor  junction  is  signaled 
to  the  governing  bistable  electronic  mechanism  which  changes  state 
and  thus  clears  the  way  for  the  request  of  the  control  mechanism 
for  the  next  current  pulse. 

3.3.3  The  Magnetic  Components  at  50  kHz. 

The  magnetic  components  hold  one  of  the  keys  for  the  access  to  the 
50  kHz  range.  Study  of  the  concerned  magnetic  core  materials  pointed 
the  way  to  the  low  loss  3H1  type  ferrite.  This  material  can  be  used 
for  maximum  flux  densities  up  to  0.2  Tesla,  leaving  a reasonable  margin 
to  its  maximum  flux  density  near  0,3  Tesla. 
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The  3H1  material  appears  not  to  be  currently  used  for  power  applica- 
tions and  is,  therefore,  not  available  in  th  form  of  conventional 
power  core  configurations.  Use  had  to  be  made  of,  so  called  "cup  cores", 
often  found  in  communication  technology. 

During  progress  of  the  development  phase  it  became  obvious  that  tha 
application  of  Litz-wire  as  magnet  wire  would  be  almost  mandatory. 

The  urgency  to  complete  the  program  would  not  allow  the  rather  long 
lead  time  of  more  than  one  year  to  acquire  Litz  wire.  Stranded  wire 
consisting  of  fine  individual  strands  of  wire  was,  therefore,  used 
instead;  this  entailed  the  therewith  associated  added  power  losses 
in  the  magnetic  devices. 

The  concerned  magnetic  devices,  the  series  inductors,  the  power  trans- 
formers and  the  output  inductors,  yielded  nevertheless  acceptable 
qualities  to  complete  the  program. 

3. 3. A.  Cooling 

Cooling  by  convection  was  applied.  A total  heat  load  of  a maximum  of 
45  Watt  requires  careful  design  of  the  magnetic  components  and 
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appropriate  mounting  of  the  semiconductor  components  which  will 
generate  most  of  the  heat. 


< 

>• 


L 


4.  Design  and  Development. 


4.1.  General  Aspects. 

The  presented  circuit  design  study  is  based  on  the  assumption  of  a 
frequency  of  inversion  of  50  kHz.  The  technical  goal  of  a power  density 
of  50  W/kg  may  have  been  attainable  with  a lower  internal  frequency  of 
converter  operation.  It  appeared,  however,  appropriate  to  demonstrate 
the  feasibility  of  transistor  operation  at  the  higher  frequency.  The 
power  density  of  components  is  estimated  at  158  W/kg,  well  in  excess  of 
the  goal  as  defined  in  the  Revised  Technical  Guidelines  for  work  under 
this  contract. 

The  designed  circuit,  as  presented  here,  differs  from  the  previously 
built  100  Watt  model  in  that  a full  bridge  configuration  is  used,  in- 
stead of  the  former  half  bridge  configuration.  A larger  current  capacity 
is  brought  into  the  realm  of  the  transistorized  series  inverter-converter 
by  use  of  the  full  bridge  configuration.  The  usefulness  of  transistors 
has  been  extended  through  the  work  under  the  current  program:  a method 
was  found  that  limits  current  peaks  unconditionally,  even  under  start-up 
or  other  transient  conditions  of  operation.  Derating  of  transistors  should 
not  be  necessary  because  of  the  well  known  phenomenon  of  unexpectedly 
high  current  spikes. 

The  individual  power  losses  in  the  circuit  components,  their  projected 
weight  and  the  efficiency  of  the  system  are  listed  in  the  following. 
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Tabulation  of  Estimated  Physical  Weights  and  Power  Losses  of  the 


Components  for  the  190  Watt  Breadboard. 


Component 

Power  Circuit: 

Input  Filter  Capacitor 
Series  Capacitor 
Transformers 
Series  Inductor 

Transistors  and  Diodes  TRi,  Dij 
Output  Rectifiers  D2ij 

Output  Capacitors 
Output  Inductors 
Miscellaneous  Losses 

Subtotals 

Control  System  Components 

Total 

Estimated  Efficiency:  77.86  % 
Estimated  Power  Density:  Components 


Power  Loss 

Weight 

Watts 

kR. 

ci 

.050 

C1 

.020 

XF 

4.000 

.175 

L1 

2.100 

.180 

18.000 

.140 

18.000 

.100 

C°ij 

.200 

Loi 

2.000 

.180 

4.235 

.155 

50.000 

1.200 

4.000 

.300 

54.000 

1.500 

126  W/kg;  Packaged  (160%):  80  W/kg 
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4.2.  System  Design. 


The  system  is  to  operate  from  a dc  source  with  a nominal  voltage 
Eg  = 28  V.  The  tolerated  variations  of  the  input  voltage,  as  defined 
in  the  Revised  Technical  Guidelines  of  19  November  1974  are  contained 
in  the  statement 


E . =22  < E < 32  = E 

s min  s s max 


(*.l) 


The  input  voltage  variation  indicated  in  (4.1)  is  relativly  moderate, 

compared  to  the  capability  of  the  series  capacitor  inverter-converter 

to  accomodate  these  variations.  Input  voltage  ratios  E /E  . = 2 

s max  s min 

are  not  uncommon  for  this  type  of  converter.  This  relativly  wide  range 

of  input  voltage  variations  is  facilitated  by  the  converter’s  intrinsic 

property  to  maintain  a relativly  constant  current  form  factor  i,  /i, 

' Inns  lav 

for  appreciable  variations  of  the  input voltage,  which  in  turn  causes 
little  change  in  the  dissipation  losses  of  the  system  for  a given 
average  current  level. 


The  full  bridge  configuration  of  the  primary  circuit  of  the  converter 
comprising  a series  resonant  circuit  is  shown  in  figure  4.1.  The  shown 
configuration  was  chosen  to  limit  the  transistor  currents  to  magnitudes 
which  could  be  easily  attained  with  currently  available  components. 
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Analysis  of  currents  and  voltages  in  full  bridge  series  inverters  which  is 
closely  related  to  the  analysis  for  half  bridge  converters  and  partially  trea- 
ted in  subsection  3.1,  is  now  applied  to  design.  The  amplitude  v of  the 

Xd 

"square  wave"  voltage  vx  on  the  primary  winding  of  transformer  XF  is  here 


v 

xa 


ne 

s 


(4.2) 


where 


n = the  estimated  efficiency  of  the  converter 

q = vxa/es  the  rati°  of  transformer  voltage  amplitude  and  source  voltage  e . 

Assumed  is  that  each  of  the  transistors  TRi  indicated  in  figure  4.1  will 
develop  an  average  voltage  drop  vcg  < 1 V when  carrying  its  maximum  current. 

Or  more  exactly:  the  maximum  of  the  average  of  the  voltage  drops  which  develop 
in  succession  over  the  transistor  and  its  "antiparallel”  diode  Dij  is  assumed 
to  be  1 Volt. 


The  net  available  minimum  dc  voltage  e . that  is  impressed  on  the  resonant 

s mm 

circuit  is  then 


e 

s min 


22-2 


20  V 


(4.3) 
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For  n 


.75  as  assumed  on  the  outset  of  this  work  is 


Vxa  = 75) (22)  = 17  V 


(4.4) 


Relation  (4.4)  indicates  the  net  voltage  on  the  primary  winding  of  the  trans- 
former as  viewed  from  the  load. 


The  average  current 


i.  = 1 90/ 17  = 11.18  A : 
1 av  av ’ 


(4.5) 


its  estimated  rms  value  at  full  load 


1 rms 


(I.3)(I1.18)  <*  14.5  A 

rms 


(4.6) 


The  steady  state  current  peak  value  at  full  load  is  approximated  by 


I,  = (11.18)  (tt/2)  * 18  A 
1 P 


(4.7) 


The  capacitor  voltage  v^j  will  rise  to  a value  in  excess  of 


cl 


max 


E + v /q 
s xa 


+ 2v  + e 
ce  n 


(4.8) 
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where 


en  = *-^e  ne^  driving  voltage  of  the  series  resonant  circuit. 

The  value  for  eR  is,  conveniently,  referred  to  the  steady  state  operation  of 
the  system  as  stated  in  (4.2)  so  that 


en  " Es(1  - = 5 V 


(4.9) 


The  peak  to  peak  voltage  v of  capacitor  C is  calculated  from  (4.8)  to  be 


Vclpp  = 2vcl  max  “ 2(22  +22  +2+5)  102  V 


(4.10) 


for  e = e . = 20  V and  i.  = i = 1]  2 A 

s s min  1 av  1 av  max  * ’ 


The  value  of  capacitor  Is  now  reviewed,  using  the  relation 


l T 

I av  max  ok  min 


(4.11) 


C,  - (1 1 .2) (10. 10~°)/94  * lyF 


(4.12) 
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The  value  of  inductor  Lj  follows  from 


L.  = (T  / tt)  /C, 
l o I 


T = 9 10  v sec. 
o 


(4.13) 


and  yields 


L j = 8.5  pH 


(4.14) 


The  distributed  inductance  in  the  circuit  and  the  leakage  inductance  of 
the  transformer  XF  should  suffice  to  provide  one  part  of  the  inductance 
given  by  relation  (4.14). 


Four  output  channels  are  planned  for  the  secondary  circuit.  Two  for  output 
voltages 


Vol  * lVo2l  " 5 V 


(4.15) 


and  with  an  average  current 


(4.16) 


(4.17) 


v 


o3 


15  V 


with  average  currents  of 

*23  av  = *24  av  = 3 A (4.18) 

as  required  in  the  Technical  Guidelines  for  Advanced  Power  Processing 
Techniques  (TGA) . 

The  output  voltage  peak  to  peak  ripple  v is  limited  by  the  TGA  to 

rPP 

J0°  Vrppi/Voi  - °'05;  i = 1.  2,  3,  4 (4.19) 


where 


Voi  ' i<v0i  min  + voi  the  nominal  voltage  of  the  ith  output 

channel . 

An  equivalent  capacitor  C£  is  first  assumed  to  be  the  filter  capacitor  for 
one  single  output  channel  for  the  total  power 

PQ  “ (2) (50)+(2) (45)  * 190  W (4.20) 
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at  an  arbitrary  voltage  of  17V.  The  equivalent  output  current 


L2 


(4.21) 


under  these  conditions.  The  largest  output  voltage  ripple  occurs  under 

conditions  of  lightest  loading  and  the  highest  input  voltage  e . The 

s max 

maximum  variation  Avq  of  the  output  voltage  then  occurs  between  inception 
and  termination  of  one  current  pulse.  The  average  current 


av 


c = I1! 


e /e  /p 

av  max  s max  s min  vi 


(4.22) 


where 


av  c 


the  value  of  the  average  current  ^ as  defined  before  for 

e = e when  T . = 2T  = 2ir/L1'C,  = 2ir/u)  . 

s s max  ok  o 11  o 


vi 


(e 


/e 

max  s 


mm 


> (|ij 


av  max 


/|i,l 


i,  i . ) 

1 1 av  min 


(4.23) 


The  "firing  angle"  is  a function  of  p^.  as  discussed  with  reference  to 
figure  7 in  reference  6.  reproduced  here  for  convenience  as  figure  4.2. 


The  ratio 
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H4.4 


e /e  . = (32-2) 1(22-2)  = 1.5 

s max  s min 


(4.2 4) 


The  minimum  "firing  ancle"  il;  . is  assumed  to  be  0.25  it.  Extrapolation 

r mm 

for  q =0.75  in  said  figure  7 shows  that  a pv^  =6.0  can  be  attained  when 
varies  from  0.25  II  to  it.  Rearrangement  of  (4.23)  yields 


1 1 av  min  ^l^av  max  es  max^es  min^Pvi 


(4.25) 


and  combination  with  (4.5)  and  (4.25)  yields  that 


l^lavin"  (H.2)(1.5)/6  - 2.8  A 


(4.26) 


whereby 


^ 1 ^ av  min  ^ 2 ^ av  c 


(4.27) 


as  defined  under  (4.22)  . 


The  average  value  of  I i I cannot  be  altered  by  any  lower  current  demand 

i 2 1 av  c 

because  the  pulses  will  then  become  separated,  but  unchanged  in  shape  and 
content . 


The  largest  variation  Avq  of  the  assumed  output  voltage  vq  occurs  when 
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where 


Tok  max  = ^T0  38  exPlained  in  the  literature  1 2 1 . 

The  conditions  which  govern  the  individual  output  filters  are 
lyzed  to  determine  the  needed  attenuations. 

The  average  secondary  current  J i21 I av  which  enters  the  first  ! 
filter 


21 'av  o2 


= i 9 = 10  A; 


this  is  in  accordance  with  the  TGA.  The  ripple  content  i l of 
harmonic  component  of  this  current  is  given  by 


*rl  = (2/3)  li..  | cos2(o  t 


since 


a21 


(ir/2)  | i 


21 ' av 


now  ana- 

> V output 

(4.29) 

the  first 

(4.29) 

(4.31) 


where 


Ia21  = the  amplitude  of  the  resonant  current  i ^ which 

enters  the  rectifier  of  the  first  output  channel; 


u)p  = n/T^  av«  being  the  radial  frequency  of  the  re- 


sonant current . 


The  peak  to  peak  ripple  i^^,  normalized  with  respect  to  | ±2 ^ | is  derived 
from  (4.30)  by  writing 


irlpp/ ^ 121  ^av  = (4/3)  cos  °*628  10  ' 


(4.32) 


The  TGA  limits  the  normalized  peak  to  peak  output  voltage  ripple  v /v 

ripp  oi 

to  ± .0005,  as  stated  in  (4.19).  The  attenuation  a which  has  to  be  per- 

Ml 

formed  by  the  filter  of  the  +5  Volt  channel  is  given  by 


(lrlpp/l12lLv)/(vrlpp/Vol)  = aFll 


(4.33) 


The  numerical  values,  given  in  (4.21)  and  in  the  TGA  are  introduced  in 
(4.33)  to  yield 


apu  = (4/3) /0. 005  = 267 


Use  is  now  being  made  of  the  approximation  (3.74) 


(4.34) 
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(4.35) 


267  = (8)(0.5)CoHCo12Lo1(0.628  106)3(5/10) 


yielding  that 


CollCol2Lol  " 538  10'18  «-36> 

The  break  down  of  the  product  on  the  left  hand  side  of  (4.36)  is  in  this 
case,  primarily,  governed  by  practical  considerations,  limited  by  the  in- 
equality (3.68)  and  the  therefrom  derived  minimum  value  of  > 2.6  pF, 
as  stated  in  (3.69). 

From  (3.77)  it  is  derived  that 

Coll  > ^/5.5)2(0.5)(2.6)l(f6  “ 6.2  pF  (4.37) 

The  factor  stems  from  the  fact  that  one  of  the  5 Volt  channels  is  being 

2 

considered;  the  factor  (17/5.5)  is  needed  for  the  transformation  of  the 
respective  impedance  levels. 

The  capacitor  has  to  accomodate  a current  ripple  with  an  rms  content 

of 


i 


rl  rms 


« (2/3) (10/ /2)  = 4.68  A 

rms 


(4.38) 


78  - 


at  the  100  kHz  fundamental  frequency.  Smaller  siza  "paper"  capacitors  are, 

usually,  limited  to  rms  currents  of  0.25  to  0.5  A .A  value  of 

rms 

Coll  - Co21  = 20  <*-39> 

was  applied  for  the  intended  purpose. 

The  capacitors 

Col2  = Co22  = 20  uF  (4.40) 

were  dimensioned  as  indicated  in  (4.40)  for  the  purpose  of  simplicity  pf 
construction.  The  value  of  the  filter  inductor  had  to  conform  to 

Lq1  > (5375/(20) (20) (10“12))  10~18  = 13.5  pH  (4.41) 

A generous  margin  of  an  order  of  magnitude  is  allowed  in  relation  (4.41)  to  ac- 
comodate the  parasitic  inductive  and  resistive  elements  of  the  capacitors.  Another 
factor  of  more  than  two  is  allowed  for  the  above  referred  to  loading  conditions. 
Thus 

Loi  * 36  pH  (4.42) 

was  chosen  for  that  purpose.  The  same  filter  component  values  apply  for 
the  -5  Volt  channel. 
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By  an  analogous  process  of  reasoning  it  was  established  that  Cc 

C . . = 10  pF,  and  that  C = C = 50  pF.  The  inductors 
o41  o32  o42 


L , = L . = 32  pH. 
o3  o4 


(4.43) 


Design  of  the  magnetic  components  is  treated  in  subesection  4.3.2. 

A maximum  input  voltage  ripple  has  not  been  specified,  since  this  system 
could  be  powered  from  a battery  source  of  electric  energy,  The  size  of  the 
input  filter  capacitor  CL  is,  therefore,  only  estimated  to  be  determined  by 


C.  > i i,  T , . /e. 

i-  1 av  max  ok  mm  \pp 


(4.44) 


where 


e..  = the  peak  to  peak  variation  of  the  converter  input  voltage  if 

capacitor  C.  were  the  only  energy  storage  facility  in  a current 
source  i . 


A ratio 


e.  /e  » .05 

ipp  s nom 


(4.45) 


is  chosen  arbitrarily  for  purpose  of  design.  The  input  capacitor 
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(4.46) 


CL  > (5.8)(1 0~5) / (1.4)  « 40  pF. 


4.3.  Critical  Components. 

4.3.1.  Semiconductor  Components. 


Transistors  of  the  type  2N5330  have  been  selected  for  construction  of  the 

system.  These  transistors  will  perform  the  functions  of  the  transistors 

TRi  identified  in  figure  2.4.  They  can  carry  a maximum  direct  current  of 

30  Amperes,  which  is  well  below  the  peak  value  I.  = 18  A given  in  relation 

1 P 

(4.7).  A new  anticipating  type  current  peak  predicting  and  limiting  technique 
will  be  incorporated  in  the  control  system,  thus  limiting  the  absolute 
maximum  instantanuous  value  of  the  current  unconditionally  to  a maximum 
such  as  22  Amperes.  The  just  described  new  control  feature  should  greatly 
enhance  the  reliability  of  the  system  as  a whole,  being  a safeguard  against 
one  of  the  most  common  causes  of  transistor  failure:  the  occurrance  of 
sudden  current  peaks  due  to  the  confluence  of  adverse  transient  operating 
conditions . 


Containment  of  the  peak  current  Ij  appears  as  the  most  important  feature  to 
secure  safe  transistors  operation.  The  other  significant  limiting  character- 
istics such  as  the  average  current 


H 


1 av  max 


* 5.8  A « 30  A 


rated 


(4.47) 
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The  same  holds  for  the  maximum  collector  to  emitter  voltage 


v 

ce  max 


33  V « 100  V 


rated 


(4.48) 


The  maximum  cumulative  power  dissipation  P ^ caused  by  current  conduc- 
tion in  all  transistor-diode  pair  combinations  is  estimated  at  approxi- 
mately 


Pdcl  = iO.6Hll.2H2)  - 13.5  Watt  (4.49) 

where  v * 0.6  V for  i.  = i,  , based  on  the  previous  ex- 

ce  av  1 av  1 av  max  r 

perience  with  transistor  series  capacitor  inverter-converters  as  docu- 
mented in  the  Interim  Report  prepared  under  this  contract. 


Added  is  the  power  loss  in  the  base-emitter  circuits  which  consist  of 
the  power  loss  caused  by  the  base  drive  signal 


Pb  = <2><2>fi(VTok>  ' "beS  dt 


(4.50) 


where 


f^  = frequency  of  inversion; 

Tr/T  r = duty  cycle  of  transistor  current  conduc- 
tion for  full  power  operation; 
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•V-  " 


■ 


v » base  to  emitter  voltage; 


■ base  current. 


Factors  (2)  in  (4.50)  refer  to  the  number  of  (a)  simultanuously  conducting 
transistors  and  (b)  switching  events  per  cycle  of  the  inversion  process. 
The  power  lost  in  the  base  circuit 


Pfe  = (2) (2) (0.8) (50  103) (0.8) (8  10"6) (18/10) (2/tt)  = 1.2  W (4.51) 


The  power  loss  in  the  switching  elements  of  the  primary  power  circuit 
Pdsl  due  to  switchin8  operation  is  estimated  to  300  mW,  based  on  previous 
experience  on  the  100  Watt  model. 


The  total  power  loss  of  the  switching  components  in  the  primary  cir- 
cuit is  estimated 


Pdl  = Pdcl  + Pdsl  + Pb  “ 15  Watt 


(4.52) 


The  above  referred  to  "antiparallel"  diodes  Dli  are  of  the  type  SVD50-12. 
These  diodes  can  easily  handle  the  maximum  average  currents 


Slav  .ax'  (1/10X11.2)  - 1.12  A 


(4.53) 


Both,  the  selected  transistors  and  the  thereto  pertaining  diodes  have 
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fast  switching  characteristics  (less  than  100  nanoseconds)  which  proved 
favorable  in  the  preceding  study.  The  dissipation  losses  of  the  diodes 
Dli  are  included  in  (4.49). 

Ultra  fast  switching  Schottky  barrier  diodes  TRW  SD41  were  chosen  as 
diodes  D2ij  (i,j  = 1,2)  for  the  5 Volt  output  channels,  indicated  in 
fidure  2.2.  The  forward  voltage  drop  v _ in  these  diodes  is  estimated 
to  be 

vp2s  = 0.5  V at  ip  = 10  A (4.54) 

The  power  loss  in  these  diodes  due  to  current  conduction  P,„  „ is  esti- 

aZcS 

mated  to  be 

Pd2cS  = (2) (0.5) (10)  = 10  Watt  (4.55) 

The  reverse  current  i in  each  of  these  diodes  at  10  V back  bias  and 

rev 

approximately  70  °C  junction  temperature  is  estimated  at  30  ma.  The  there- 
from resulting  power  loss 

i 

Pd2rS  ’ (2)  OO)  (0.03)  - 0.6  Watt  (4.56) 

I 

1 

Switching  losses  in  Schottky  barrier  diodes  appear  to  be  a minor  loss 
component.  The  maximum  total  power  loss  P(J2S  in  the  switching  elements 
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of  the  two  5 V output  channels  Is  therefore  estimated 


Pd2S  = 11  Watt  C4.57) 

The  maximum  losses  in  the  diodes  TRW,  SVD50-12  in  the  15  V channels  are 
estimated 


Pd2cS  * (2H‘)(3)  = 6 Watt  (4.58) 

The  switching  losses  in  these  diodes 

Pd2sS  = 1,26  Watt  (4.59) 

A total  loss  of 

Pd2J  " 7-26  (4.60) 

in  the  switching  components  of  the  15  V channels  is  therefore  antici- 
pated. The  total  switching  loss  Pd2  in  all  output  channels  is,  therefore, 
estimated  to 


Pj2  = 10*6  + 7.26  - 18  Watt 


(4.61) 
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The  switching  losses  of  all  semiconductor  components  of  the  power  system 


Pd  = Pdl  + Pd2  “ 15  + 18  = 33  Watt  (4.62) 

4.3.2.  Magnetic  Components. 

The  four  power  transformers  XF^  (i  * 1,2, 3,4)  were  identified  with  refe- 
rence to  figure  3.4.  The  primary  windings  of  these  four  transformers 
carry  the  same  resonant  current  i^.  The  voltages  which  appear  on 

each  of  these  primary  windings  W^  divide  according  to  the  power  which 
they  transfer  to  the  secondary  circuits.  Thus 

Vaxl  = Vax2  = 17(50/190>  s 4.47  (4.63) 

and 

Vax3  " vax4  “ 17/(45/190)  « 4.03  (4.64) 

Each  of  these  transformers  XF^  and  XF^  has  to  transfer,  approximately, 

55  Watt  of  power  to  feed  a 0.5  Ohm  load  with  10  Amperes  via  Schottky  bar- 
rier diodes  with  a voltage  drop  of  nearly  0.5  Volt.  It  was,  arbitrarily, 
assumed  that  each  of  these  transformers  would  have  a loss  of  1 Watt.  This 
2 percent  power  loss  was  a ompromise  to  arrive  at  a favorable  efficiency 
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with  the  intended  advantage  of  a low  physical  weight. 


The  cup  core  of  3H1  ferrite  material  P/30/19  was  chosen  for  construction 

of  all  four  transformers  XF^  as  indicated  in  figure  3.4.  This  core  ma- 

3 

terial  has  a power  dissipation  of  approximately  50  mW/cm  at  a frequency 
of  50  kHz  and  a maximum  flux  density  of  0.2  Tesla.  The  core  has  a net 
weight  of  34  g.  The  primary  windings  are  implementd  by  strands  of  13 
individually  enameld  copper  wires  with  a diameter  of  0.4  mm 

The  5 V transformers  have  primary  windings  with  four  turns  each.  The 
secondary  windings  of  the  same  transformers  consist  of  5 turns,  composed 
of  ten  wires  with  diameters  of  0.4  mm.  The  control  windings  and  W24 
consist  of  40  turns;  one  single  copper  wire  of  0.4  mm  diameter  is  used  for 
that  purpose.  The  total  weight  of  each  of  these  transformers  is,  approxima- 
tely 45  g. 

The  15  V transformers  are  similarily  constructed,  except  that  only  three 
turns  are  used  for  the  primary  windings  and  W^,  respectivly.  This  is 
consistent  with  relations  (4.63)  amd  (4.64).  Tha  secondary  power  windings 
have  a larger  number  of  turns,  namely  12,  consisting  of  four  wires  with 
diameters  of  0.4  mm,  each.  The  control  windings  and  have  30  turns 
each,  again,  consisting  of  one  single  wire  of  0.4  mm  diameter.  The  weight 
is  the  same  as  that  for  the  5 V transformers. 
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The  actual  weight  of  all  four  transformers  was  established  as 


WTXF  180  8 


(4.65) 


with  a cumulative  calculated  power  loss  of 


P.  v„  = 4 Watt 
Loss  XF 


(4.66) 


A cup  core  of  the  same  type  ferrite  material  3H1  was  used  to  control  the 

series  inductor.  A somewhat  larger  core  P/42/29  was  used  for  that  purpose. 

2 

Four  turns  of  stranded  wire  with  a cumulative  cross  section  of  6 mm  were 
wound  around  the  core.  An  inductance  of  6.2  pH  was  attained  when  an  air- 
gap  of  2 x 0.25  mm  was  inserted  between  the  cup  core  halves.  A smaller  in- 
ductor with  an  inductance  of,  approximately,  1 pH  was  placed  in  series 
with  the  above  described  6.2  pH  inductor.  This  device  is  also  constructed 
with  the  use  of  a P/30/19  cup  core  of  3H1  type  ferrite  material;  the  design 
follows  the  above  indicated  proceedure,  using  the  same  type  of  wire.  The 
total  weight  of  the  inductors  was  established  to  be 


WTL1  ~ 175  85 


(4.67) 


the  total  power  loss  in  these  inductors  is  estimated  at 


P.  . . “ 2. 1 Watt 
Loss  LI 


(4.68) 
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The  four  filter  inductors  L , which  were  identified  with  reference  to 

oi 

figure  3.5  were  constructed  with  the  use  of  cup  cores  P/22/13  of  type 

3H1  ferrite  material.  Each  of  the  cores  weighs  12  grams.  Ten  turns  of 

four  parallel  wires  with  a diameter  of  0.5  mm  were  wound  around  the  core, 

2 

with  a total  cross  section  of  0.8  mm  . The  total  weight  of  each  inductor 
is  45  g.  These  cores  were  then  provided  with  the  appropriate  air  gaps 
to  assume  the  inductances  as  required  by  (4.42)  and  (4.43).  Each  induc- 
tor has  a power  loss  of,  approximately,  0.5  Watt  in  each  output  channel. 
The  total  weight  of  all  four  inductors 

WTLq  = 180  g.  (4.69) 

4.3.3.  Capacitors. 

The  series  capacitor  of  1 uF  will  be  an  extended  aluminum  foil  capa- 
citor with  polypropylene  dielectric  separators.  This  type  of  capacitors 
is  produced  with  dissipation  factors  as  low  as  0.02  percent.  The  power 
loss  in  this  capacitor  is  estimated 

Pcs  * (14. 5) (1. 12) (100) (2  10"4)  * 324  mW  (4.70) 

The  capacitor  has  an  estimated  weight  of 
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WCS  - 20  8 


(4.71) 


The  capacitor  weight  is  relativly  low,  since  the  moderate  peak  capaci- 
tor voltage  does  not  require  oil  impregnation. 

The  input  filter  capacitor  of  50  pF  consists  of  five  "paper"  type  10  pF 
units.  A dissipation  factor  of  0.1  percent  is  assumed  for  this  type  of  ca- 
pacitors. The  power  loss  P is  estimated 

LI 


PCi  * **  (14,5)(1.12)(o.5)  10“3  = 4.06  mW 


(4.72) 


The  estimated  weight  of  this  capacitor  is 


WCi  = 200  g 


(4.73) 


The  output  filter  capacitors  C are  composed  of  10  pF  units  of  the  same 
type  as  C^.  The  power  loss  per  unit  is  estimated  at 


PC01  = (0.211) (5/ Si) (8  10-3//2)  10~2  = 4.22  10~5  Watt 


(4.74) 


«o/unlt  = 10  8- 


(4.75) 


The  same  capacitor  units  as  the  ones  described  above  are  used  for  all  four 
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output  channels.  The  total  weight  of  all  input  and  output  filter  capacitors 
is  obtained  from 

(15  V)  (5  V)  (C±) 

Vi  = 2 x (1  + 5 + 2 + 2)  x 16  + 5 x 10  = 250  g.  (4.76) 

TCo 

4.4.  Electronic  Control. 

4.4.1.  The  Protection  System. 

Protection  against  simultanuous  "firing"  of  two  transistors  which  are  in 
immediate  series  connection  in  one  leg  of  the  full  bridge  configuration 
shown  in  figure  2.1  must  be  prevented.  The  termination  of  current  flow 
in  one  pair  of  transistors  which  conduct  during  one  half  cycle  is  ascer- 
tained before  the  companion  pair  is  "fired".  The  signal  which  indicates 
the  above  referred  to  termination  of  current  conduction  is  the  back  bias 
voltage  vfee  of  the  base  to  emitter  potential,  rather  than  the  back  bias 
of  the  collector  to  emitter  voltage  vcg  used  in  the  first  phase  of  this 
work.  Falling  of  vfee  below  zero  is  an  unequivocal  indication  that  the  res- 
pective transistor  junction  has  been  cleared  as  a result  of  forced  extrac- 
tion of  charge.  Application  of  the  just  described  protection  philosophy 
has  led  to  a substantial  simplification  of  the  concerned  electronics,  thus 
avoiding  the  back  bias  detection  and  signal  delay  process  used  for  thyris- 
tor converters.  The  back  bias  condition  of  v.  is  detected  and  transmitted 

be 

as  a 0-1  signal  by  suited  pulse  transformers  for  each  power  transistor. 
Appropriate  logic  requires  simultanuous  presence  of  these  signals  from 
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both  power  transistors  which  terminate  current  conduction,  before  the 
"firing"  signals  to  the  companion  pair  of  power  transistors  are  released. 
This  is  described  with  reference  to  figure  2.5. 

Clearing  of  the  junction  of  a TRW100-30  power  transistor  requires  ap- 
proximately 650  nanoseconds.  Reduction  of  the  cumulative  delaying  effect 
of  all  signal  processing  operations  including  clearing  of  the  transistor 
junction  as  described  above  to  less  than  2 microseconds  is  requisite  to 
attainment  of  a 50  kHz  inversion  frequency.  Simplification  of  the  protec- 
tion system  and  elimination  of  a number  of  formerly  required  steps  in  sig- 
nal processing  were  necessary  to  attain  the  needed  "turn  around"  time  to 
less  than  2 microseconds.  The  two  "memory"  circuits  of  the  former  system 
were  consolidated  into  one  single  one.  The  need  for  many  otherwise  re- 
quired interlocking  cross  couplings  was  thus  avoided.  The  number  of  needed 
circuit  components  was, accordingly,  substantially  reduced  to  less  than  one 
half  of  the  formerly  needed  number. 

All  signal  level  magnetics  had  to  be  thoroughly  redesigned  and  developed 
to  remove  delays,  previously  caused  by  leakage  inductances.  Transient  mag- 
netic saturation  phenomena  which  appeared  in  start-up  and  recycling  phases 
and  which  were  caused  by  the  tightened  operating  condtions  of  pulse  trans- 
formers with  saturable  cores  had  to  be  removed.  Complex  developent  work 
led  to  relatlvly  simple  circuits  which  avoid  saturation  of  pulse  transfor- 
mer cores  for  all  observed  conditions  of  operation. 
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4.4.2.  The  Power  Control  System. 


The  power  control  system,  as  described  in  the  FIR  | 6 | requires  a response 
time  of,  approximately,  ten  full  cycles  of  internal  operation.  At  50  kHz 
internal  frequency,  this  corresponds  to  200  psec.  in  order  to  return  to 
a condition  of  cyclic  stability  after  occurence  of  an  external  disturbance. 
The  actual  time  constant  is  estimated  at  0.1  msec. 

The  improvement  vs.  the  preceeding  20  kHz  unit  is,  primarily,  due  to  the 
increased  internal  frequency.  An  internal  time  constant  of  0.1  msec,  can 
be  translated  to  a lower  cut-off  frequency  f^  which  can  be  no  more  than  a 
tenfold  of  the  inverse  of  the  time  constant:  that  is 

f = 1/(10  0.1  10_3)  = 1 kHz  (4.78) 

c 

The  above  indicated  cut-off  frequency  appeared  well  suited  for  the  purpose 
at  hand,  especially  for  meeting  the  audio  susceptibility  requirements  | 12 | . 

The  principles  of  the  control  electronics  are  described  in  the  FIR  and  in 
the  literature  | 2 , 6 , 1 2 | . 

One  added  protective  feature  is  a current  amplitude  "clipper"  which  limits 
the  absolute  maximum  of  any  current  amplitude  to  a preset  value.  This 

i 
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"clipper"  is  requisite  to  the  use  of  transistors  in  series  resonant  cir- 
cuits. Unlike  the  thyristor,  is  the  transistor  "unforgiving"  whenever  the 
rated  maximum  current  is  exceeded,  even  if  momentary.  The  described  pro- 
tection feature  is,  therefore,  an  absolute  necessity  for  the  successful 
operation  of  series  resonant  cricuits  which  are  being  switched  by  transis- 
tors. 

4.5.  Limitations. 

Certain  limitations  are  inherent  in  the  here  presented  approach.  Some  of 
these  limitations  are  rooted  in  certain  aspects  of  the  applied  functional 
philosophy;  others  find  their  causes  in  specific  properties  of  the  used  ma- 
terials and  their  available  geometric  configurations. 

4.5.1.  Limitations  of  the  Functional  Philosophy. 

The  expectations  for  a favorable  efficiency  of  the  presented  converter  are 
based  on  the  ease  with  which  the  power  transistors  should  switch,  as  discus- 
sed with  reference  to  figure  2.3. 

Yet,  the  efficiency  of  the  technique  which  was  applied  to  gain  control  over 
the  individual  output  channels,  as  explained  with  reference  to  figures  3.4 
and  3.6,  is  limited  to  specific  conditions  of  operation.  The  "average" 

I 
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resonant  current  K^lav  has  to  be  geared  at  any  time  to  supply  the  neces- 
sary power  for  the  channel  with  the  highest  demand.  The  other  three  power 
transformers  are  placed  in  series  with  the  one  "highest  demand"  channel; 
they  have  to  carry,  by  necessity,  the  same  relativly  high  current  in  their 
primary  windings.  The  output  power  in  these  other  three  channels  is  con- 
trolled by  the  application  of  temporary  short  circuits  to  the  respective 
transformers,  as  discussed  with  reference  to  figures  3.5  and  3.6. 

The  described  method  proves  to  be  effective  in  terms  of  satisfaction  of  the 
control  requirments.  Yet,  the  efficiency  of  the  system  cannot  equal  that  of 
a single  channel  system,  when  the  processed  power  differs  from  a chosen  de- 
sign condition. 

The  alternative  would  be  another  approach  in  which  the  individual  power 
transformers  are  placed  in  parallel  and  are  being  individually  controlled. 
Pusuit  of  such  an  approach  appeared  not  possible  within  the  time  limita- 
tions of  this  program. 

4.5.2.  Physical  Limitations  of  Components. 

Presently  available  materials  and  components  are  only  marginally  suited  for 
the  efficient  processing  of  power  at  sizable  currents  with  pulse  frequen- 
cies in  the  order  of  100  kHz. 
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Most  of  the  components  are  intrinsically  suited  for  these  frequencies;  this  - 

includes  the  semiconductor  parts  - the  chips  - of  switching  components. 

Appreciable  difficulties  arise  with  the  connecting  terminals  of  components, 
wires,  switches  and  connectors  which  are  not  built  to  carry  and  transfer 
currents  at  levels  of  tens  of  Amperes,  efficiently,  with  pulse  frequencies 
near  2 x 50  10^  « 100  kHz. 

More  will  be  said  concerning  this  topic  in  the  dicussion  in  subsection  5.2. 

At  this  time  it  is  emphasized  that  all  transfer  of  charge  should  move 

through  Litz-wire  or  a similar  structure  in  an  almost  uninterrupted  circuit.  ' 

This  includes  the  access  to  the  actual  functional  elements  of  components, 

« 

such  as  the  extended  foils  of  the  power  capacitors,  the  chips  of  semiconduc- 
tor components  and,  above  all,  the  points  of  junctures,  i.e.,  connectors, 
power  switches  and  joining  points. 

It  is,  briefly,  said  here  that  the  just  described  requirements  are  not 
beyond  the  existing  technology.  Yet,  these  features  are  not  embodied  in 
currently  produced  components  and  materials,  as  there  was  no  demand  for  it. 
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5.  Results. 

System  test  data  are  presented  In  this  section,  followed  by  their  inter- 
pretation in  the  form  of  a discussion. 

5.1.  System  Test  Data. 

The  system  was  tested  in  compliance  with  the  Techical  Guidelines.  A variable 
and  controllable  voltage  source  in  the  form  of  a controllable,  regulated 
dc  power  supply  was  used,  which  included  the  range  of  22  to  32  VDC,  to 
provide  the  needed  input  power.  The  individual  output  channels  were  loaded 
with  resistors  of  appropriate  electric  and  physcial  dimmensions  for  adequate 
power  dissipation  capability. 


Specifically: 


Rli  - ^2  “ 0-5  Ohm;  (5.1) 

RL3  - RL4  = 5 Ohm  (5.2) 


for  full  power  operation.  Switching  resistor  banks  were  used  to  perform 
the  tests  at  the  various  levels  of  loading.  Each  of  these  resistors  was 
capable  to  dissipate  up  to  50  Watts  in  still  air. 


The  readings  which  were  obtained  with  passive  type,  high  frequency  watt- 
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meters  (Marek,  Bremen;  0 - 100  kHz)  were  compared  and  reconciled  with  the 
readings  of  volt-  and  amperemeters  with  cut-off  frequencies  of  500  kHz. 

The  output  voltages  vq^  appeared  to  vary  monotonically  as  functions  of  the 
input  voltage  eg  and  the  degree  of  loading  R^/R^  nom’  where  R^j  nom 
the  nominal  full  load  resistor  for  the  ith  output  channel. 


The  output  voltages  v . (i  = 1,2, 3, 4)  are  listed  in  Table  5.1  as  functions 

Ol 


RL1/RL1  nom 


of  e^  and  as  functions  of  the  extreme  values  of  loading,  i.e., 

= 1 and  10,  respectivly.  Recording  of  these  test  data  appeared 
adequate  to  establish  compliance  of  the  system  with  the  steady  state  re- 
quirements, as  stipulated  in  the  Technical  Guidelines.  This  conclusion  was 
derived  from  the  above  referred  to  monotonic  behavior  of  the  system  in  res- 
ponse to  variation  of  the  input  voltage  and  of  loading. 


An  inspection  of  the  results  in  Table  5.1  shows  that  the  data  for  any  of 
the  four  channels  is  representative  for  the  other  three,  as  being  well 
within  the  regulation  requirements  of  * 0.5  percent,  or  2 percent,  respec- 
tivly. 


The  data  for  the  first  output  channel,  v , = 5 V is  shown  in  graphic 

ol  nom  6 v 

form  in  figure  5.1  to  provide  a pictorial  presentation  of  the  system's 

regulation  characteristics.  It  is  seen  that  the  maximum  deviation  of  v , 

ol 
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TABLE  5.1 


Voltages  vq^  of  Output  Channels  as  Functions  of  the  Input  Voltage  eg 
and  of  Full  and  Ten  Percent  Loading. 
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RL/RL  nom 
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1 
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1 
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1 

e 
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22 

5.013 

5.009 

5.007 

5.001 

15.25 

15.23 

15.37 

15.35 

24 

5.016 

5.012 

5.009 

5.001 

15.26 

15.23 

15.40 

15.34 

26 

5.017 

5.013 

5.010 

5.004 

15.26 

15.24 

15.41 

15.36 

28 

5.017 

5.013 

5.010 

5.004 

15.26 

15.24 

15.40 

15.36 

30 

5.017 

5.013 

5.010 

5.004 

15.27 

15.24 

15.40 

15.37 

_2i 1 

5.018 

5.014 

5.011 

5.005 

15.26 

15.25 

15.38 

15.37 

Figure  5.1. 


Regulation  of  the  5 V output  channel  as  function  of  eg  and  R^/R^  . 

100  &2  = (100  )(10-3  = 0.1  percent  (5.5) 

100  A3  = (100) (. 98  10“3)  = 0.1  percent  (5.6) 

100  A4  = (100) (.98  10~3)  = 0.1  percent  (5.7) 

An  efficiency  of  73.35  percent  was  established  for  the  nominal  operating 

point,  at  full  power  in  the  four  output  channels,  when  powered  from  a 28 
Volt  dc  source.  The  complete  data  for  this  purpose  are  given  in  Table  5.3. 


Table  5.2. 


Currents  i in  the  Output  Channels  as  Functions  of  the  Input  Voltage  eg 
and  of  Full  and  Ten  Percent  Loading. 
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nom 

i 

10 

ol 

1 

i 

10 

o2 

1 

i 

10 

o3 

1 

i 

10 

o4 

1 

e 

s 

22 

1.013 

10.04 

1.018 

10.07 

.3032 

3.028 

.3042 

3.028 

24 

1.014 

10.05 

1.018 

10.08 

.3034 

3.038 

.3044 

3.038 

26 

1.014 

10.05 

1.018 

10.08 

.3034 

3.030 

.3044 

3.040 

28 

1.014 

10.05 

1.018 

10.08 

.3034 

3.030 

.3044 

3.040 

30 

1.014 

10.05 

1.018 

10.08 

.3034 

3.030 

.3044 

3.042 

32 

1.014 

10.07 

1.019 

10.08 

.3034 

3.032 

.3044 

3.042 

The  peak  to  peak  output  voltage  ripple  voltages  v ^ were  viewed  on  an  os- 
cilloscope. Only  qualitative  and  approximative  readings  appeared  possible, 

• because  of  common  mode  effects  in  the  ac  coupled  differential  amplifiers 

and  the  stray  pick-up  in  the  shielded  probes.  These  effects  were  the  re- 
sults of  attempts  to  view  millivolt  range  signals.  The  shapes  of  these 
signals  were  those  of  somewhat  distorted  naif-sinusoids,  superimposed  on 
a 60  Hz  sine  wave  ripple,  when  viewed  during  the  audio  susceptibility  test. 
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TABLE  5.3 


in 


ol 


ol 


ol 


o2 


o2 


o2 


o3 


o3 


o3 


Data  for  Calculation  of  the  Converter's  Efficiency 
Under  Nominal  Operating  Conditions. 


VDC 


28.02 


5.013 


-5.004 


15.24 


ADC 


9.424 


10.05 


-10.08 


3.03 
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WATT 


WATT 


264.06 


50.381 


50.440 


46.177 


I 

•i 

■ 


, 


TABLE  5.3  (Continued) 


VDC  ADC  WATT  WATT 


o4 


o4 


o4 


-15.36 


-3.04 


46.694 


Sum  of  the  P (i  = 1,2, 3, 4) 


193.69 


n2g  - 100  193.69/264.06  » 73.35 


The  viewed  peak  to  peak  values  related  reasonably  well  to  the  rms  content 
of  these  ripple  voltages,  as  read  by  ac  voltmeters  with  a bandwidth  of 
500  kHz. 

A 60  Hz,  2.8  V modulation  signal  was  fed  into  the  dc  power  supply- 

amplifier  system.  This  signal  was  generated  by  a common  audio-oscillator. 

The  compounded  effect  caused  by  the  100  kHz  converter  operation  and  by  the 
60  Hz  "moise"  signal  on  the  input  voltage  is  summarized  in  Table  5.4. 

I 
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TABLE  5.4. 


Output  Ripple  Voltages  vfi  of  the  Individual  Output  Channels  for 
Full  and  for  Ten  Percent  Loading. 


mV 

rms 

V 

rl 

V 

r2 

Vr3 

Vr4 

*L/RL  nom 

10 

1 

10 

1 

10 

l 

10 

1 

e 

s 

22 

7.18 

4.98 

7.68 

5.38 

15.26 

12.34 

15.47 

12.51 

24 

7.24 

5.02 

7.76 

5.42 

15.35 

12.46 

15.56 

12.63 

26 

7.30 

5.10 

7.82 

5.52 

15.44 

12.61 

15.65 

12.78 

28 

7.34 

5.16 

7.88 

5.56 

15.56 

12.70 

15.78 

12.87 

30 

7.42 

5.22 

7.94 

5.62 

15.66 

12.78 

15.88 

12.95 

32 

7.52 

5.28 

8.02 

5.70 

15.79 

12.91 

15.99 

13.07 

Voltage  overshoot  of  the  individual  channels  was  tested  by  sudden  reduction 

of  the  respective  loads  from  100  to  10  percent.  The  corresponding  overshoots 

were  clipped  near  the  108  percent  level  of  the  nominal  output  voltages  v . . 

oi 

The  voltage  clipping  method  which  is  applied  for  this  purpose  was  described 
in  subsection  3.2.4. 
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Current  limiting  of  the  individual  channels  near  105  percent  of  the  res- 
pective full  load  currents  was  verified  and  found  consistent  with  the  in- 
trinsic current  source  character  of  the  described  system  | 2 , 6 | . 

5.2.  Discussion. 

The  test  results  indicate  the  feasibility  of  a rugged,  ultra  light  dc  con- 
verter. The  low  weight,  or  the  high  power  density  are  rooted  in  the  high 
internal  frequency  of  operation  at  50  kHz. 

A power  density  of  the  components  of  126  W/kg  resulted  from  the  construc- 
tion of  the  breadboard.  A power  density  of  a packaged  system  of  80  W/kg 
can  be  projected  if  it  is  assumed  that  the  packaging  would  add  60  percent 
to  the  component  weight. 

The  system  function  performance  complied  with  the  goals,  contained  in  the 
Technical  Guidelines  of  19  November  1974  (TGA) , as  recorded  in  the  pre- 
ceeding  subsection  5.1. 

The  achieved  efficiency  of  73.35  X at  full  load  is  lower  than  the  expec- 
ted 80%.  It  was  explained  in  subsection  2.3  with  reference  to  (2.2)  that 


2 

,1  the  system  efficiency  could  not  exceed  81.2  percent  even  if  no  i R losses 

were  involved  at  all  in  the  system.  The  curve  trace  of  the  power  dissipation 


in  one  transistor,  shown  in  figure  2.3  indicates  that  the  loss  in  the 
switching  transistors  is  solely  restricted  to  the  conduction  losses  and 
should  be,  therefore,  independent  of  the  frequency  of  operation.  Once 
this  assumption  was  verified,  it  remained  to  explain  where  the  balance 
of  dissipated  power  was  being  lost. 

The  dissipation  plates  of  the  semiconductor  devices  - transistors  and 

/ 

rectifier  diodes  - were  separate  entities  during  the  phase  of  development. 
The  temperature  of  these  devices  indicated  that  the  losses  in  these  com- 
ponents were  higher  than  those  calculated.  A closer  scrutiny  of  these  high 
frequency  and  fast  recovery  devices  revealed  that  the  thin  external  ter- 
minals are  entirely  inadequate  for  the  intended  purpose  to  carry  up  to 
15  Amperes  of  current,  not  to  speak  of  the  rated  30  Amperes.  This  short- 
coming appears  quite  plausible,  because  appreciable  derating  of  the  cur- 
rent which  is  actually  conducted  by  these  devices  is  mandatory  in  the  con- 
ventional circuits  which  do  not  provide  the  absolute  protection  against 
current  spikes,  as  does  the  presented  system  in  which  the  switched  current 
reaches  80%  of  the  rated  current  in  the  steady  state.  These  high  speed  and 
fast  recovery  devices  have  the  almost  fragile  looks  of  the  signal  level 
transistors  from  which  they  have  evolved  over  the  years.  A hockey-puck 
structure  or  some  other  suitable  way  of  connecting  the  concerned  chips  to 
the  high  current  circuits  appears  mandatory  in  order  to  construct  efficient, 
low  voltage  converters.  Other  sources  of  ohmnic  losses  were  found  in  the 

1 
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area  of  joining  of  conductors  and  in  the  conducting  structures  themselves. 


Banana  plug  connectors  are  dimensioned  so  that  they  could  dissipate  the 
heat  that  is  being  generated  in  them;  less  concern  was  devoted  to  the 
question  of  efficient  power  transfer.  It  appears,  furthermore,  mandatory 
to  use  at  the  frequency  levels  of  50  and  100  kHz  Litz-wire  everywhere:  in 
the  wire  wound  magnetic  components  and  for  the  purspose  of  connecting 
components.  Another  problem  area  is  that  of  joining  wires.  Litz  wires  can- 
not be  joined  at  this  time  without  creating  volumes  of  conducting  materials 
in  which  zones  of  thin  depth  of  penetration  would  develop  at  50  and  100  kHz. 

Voltage  drops  which  are  due  to  contact  potentials,  whether  soldered,  crimped 
or  pressure  contacts  are  numerous  in  the  described  circuits.  These  poten- 
tials can  develop  individually  the  equivalent  of  milliohms  of  resistance, 
the  order  of  magnitude  of  effective  resistance  of  an  entire  magnetic  de- 
vice in  the  system. 

The  above  described  problem  areas  are  not,  necessarily,  germane  to  the 
presented  system.  They  will  be  found  in  any  system  that  could  sustain  an  ef- 
i ficlent  switching  operation  at  the  50  kHz  frequency  level.  Yet,  the  re- 

j 

sits  which  were  obtained  at  the  same  internal  frequency  and  with  the  same 
type  of  system  | 7 | indicate  that  operation  with  substantially  lower  cur- 
rents of  5 A at  higher  voltage  levels,  such  as  220  VDC  for  1 kW  proces- 
) av 

sed  power  can  lead  to  the  attainment  of  high  efficiencies,  such  as  95Z. 


■ 


1 

1 

! 

: 


> 


It  can,  therefor  be  said  that  the  low  power  system  at  high  current  ^levels 
incorporate  an  intrinsic  problem  area  which  includes  the  joining  tech- 
nology and  the  physical  structures  of  device  terminals  and  the  thereto 
pertaining  internal  connections.  This  problem  area  is  seen  as  being  dis- 
tinct from  the  power  losses  due  to  switching  phenomena  for  which  the  in- 
dependence from  the  internal  frequency  of  operation  seems  secured  for  the 
here  presented  system. 

The  limitations  which  were  imposed  by  the  lack  of  power  Litz-wire  and  the 
other  referred  to  problems  associated  with  joints  and  component  terminals 
surfaced  clearly  when  the  contruction  of  the  model  and  the  time  schedule 
of  the  program  had  advanced  to  a point  at  which  its  completion  in  the  pre- 
sented form  appeared  necessary. 

The  applied  principles  of  technology  and  the  thereto  pertaining  circuitry 
have  proven  to  be  suited  for  operation  in  the  0 - 120  °F  temperature  en- 
vironment with  a reliability  which  exceeds  5000  hours  MTBF  | 13 | . Compliance 
with  the  requirements  of  electromagnetic  compatibility  should  be  attainable 

since  the  maximum  rate  of  change  of  current  is  limited  to  di/dt  - u I 

max  o a 

3 

a 2x60  10  20  = 7.5  A/psec.  This  rate  of  change  is  substantially  lower 

than  the  rate  of  rise  of  current  of  systems  which  switch  comparable  sur- 
rents  forcibly  in  pulse  width  modulated  systems  at  considerably  lower 
internal  frequencies  of  operation. 
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The  development  of  technology  to  operate  individually  controlled  loads 
in  parallel  with  converters  which  employ  series  resonant  circuits,  would 
avoid  the  necessity  to  circulate  the  maximum  resonant  current  i^  at  all 
times  and  thus  enhance  the  converter's  efficiency  at  lower  levels  of  out- 
put power. 
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